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Chapter 1

Introduction
Mycobacteria are Actinobacteria, which is a phylum of high-GC Gram-positive bacteria.
Among the wide range of Mycobacterium spp. are several important pathogens. Most
notable of these is Mycobacterium tuberculosis, the causative agent of tuberculosis (TB).
Although the number of TB cases and deaths show a declining trend in the last decade,
the World Health Organization recently warned that “current actions and investments in
research
are
falling
far
short”
(http://who.int/mediacentre/news/releases/
2016/tuberculosis-investments-short/en). Over 1.3 million deaths and up to 10.0 million
new infections were attributed to M. tuberculosis in 2017, which makes M. tuberculosis
the most-deadly infectious agent in the world, surpassing HIV and the malaria parasite (1).
One issue facing efforts to control TB is that the live attenuated Bacillus Calmette-Guérin
(BCG) vaccine strain is not able to provide life-long protection against M. tuberculosis
(2). Another problem is the increased incidence of infections caused by multidrug-resistant
(MDR) M. tuberculosis strains. Consequently, major research efforts focus on
understanding M. tuberculosis pathogenesis and physiology in order to advance the
development of new anti-TB vaccines and antibiotics.
M. tuberculosis is a member of the order of Corynebacteriales, which is an order that
is characterized by its resistance to many classic antibiotics and its ability to withstand
highly stressful environments, such as oxidative stress, desiccants and common
disinfectants (3, 4). These features can be explained by the presence of a unique cell
envelope, which differs from that of both typical Gram-positive (low-GC), also called
Firmicutes, and Gram-negative bacteria. While Corynebacteriales have a traditional inner
membrane, their peptidoglycan layer is connected to an additional polymer of arabinose
and galactose (i.e. arabinogalactan layer), which in turn is linked to mycolic acids,
unusually long fatty acids that can contain up to 90 carbon atoms (Figure 1) (5–8). It is
now widely accepted that these mycolic acids are the main constituents of a second (outer)
membrane, which also contains noncovalently linked (free) lipids such as phthiocerol
dimycocerosates (PDIMs) and phenolic glycolipids (PGLs). Finally, mycobacteria have a
more loosely attached capsular layer, which mainly consists of polysaccharides and
proteins (9). Although the presence of an outer membrane in mycobacteria was initially
proposed in 1982 (10), its existence was not confirmed until 2008 by electron microscopy
(EM) imaging (7, 11). Thus, although the order of Corynebacteriales belongs to the group
of high-GC Gram-positive bacteria their double-membrane or diderm cell envelope is
physically more similar to the inner and outer membrane containing cell envelope of
Gram-negative bacteria, as EM images of the two reveal a resemblance. However, despite
the resemblance, the mycolic acid outer membrane of Corynebacteriales differs
dramatically from the Gram-negative outer membrane, the latter being comprised of
phospholipids and lipopolysaccharides.
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The firm bond of the long mycolic acids to the underlying arabinogalactan and
peptidoglycan structures results in very low fluidity of the outer membrane, which
contributes to the high impermeability of the Corynebacteriales cell envelope (5).
Although this characteristic provides excellent protection from extreme environmental
conditions, it also requires Corynebacteriales species to have pathways to import and
export molecules. In line with the notion that the mycolic acid containing membrane is
functionally comparable to the outer membrane of Gram-negative bacteria, both
mycobacteria and corynebacteria possess outer membrane porins for importing
hydrophilic nutrients through the outer membrane (12–14). At the same time, the unique
cell envelope of Corynebacteriales necessitates the existence of special pathways for
secreting proteins into the environment.
In this chapter, we will review the different pathways used by mycobacteria to export
proteins from the cytoplasm into the cell envelope or beyond into the extracellular
environment (i.e. to secrete them across the outer membrane) (Figure 1). Four types of
protein export pathways are currently known in mycobacteria: two highly conserved
systems that exist across Gram-positive and Gram-negative bacteria (Sec and Tat
pathways) and two specialized systems that exist in mycobacteria, corynebacteria and a
subset of low-GC Gram-positive bacteria (SecA2 and Type VII secretion (T7S)
pathways). The Sec, Tat and SecA2 pathways serve to transport proteins across the inner
membrane and whether an exported protein remains in the putative periplasmic space
between the two membranes or reaches the capsule or extracellular environment is
determined by currently unknown secondary mechanisms. T7S pathways differ in that, so
far, periplasmic localization of substrates has not been observed, suggesting that this
pathway may secrete proteins beyond the outer membrane. However, here too, the
mechanism for crossing the outer membrane remains a mystery.

The Mycobacterial Sec Pathway
Bacteria export a large proportion of their proteome to the cell envelope or extracellular
environment (~20-35%) (15, 16). In all bacteria, the majority of this protein export is
carried out by the general Sec pathway (16). Mycobacteria have ~1,000 predicted Secexported proteins (this number includes proteins exported across as well as into the inner
membrane), many of which have been experimentally demonstrated to be exported (17,
18). Among the many proteins exported by the Sec pathway are proteins with essential
functions in the cell envelope (i.e. nutrient acquisition, cell wall biogenesis); consequently,
in all bacteria the Sec pathway is essential for viability (19). Further, there are Secexported proteins with critical roles in host-pathogen interactions making the Sec pathway
critical for bacterial pathogenesis, as well (17, 18, 20). The Sec pathway is highly
conserved in bacteria and most of our understanding of this pathway comes from studies
of the E. coli system (for recent reviews of the Sec system see (21, 22)). Mycobacteria
9
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possess conserved orthologues of all the critical Sec pathway components and, as
expected, these Sec orthologues are either proven or predicted by saturating mutagenesis
TrASH or Tn-seq studies to be essential (23). While only a few mycobacterial Sec proteins
have been directly studied, the results so far indicate that the Sec pathway of mycobacteria
functions similarly to the Sec pathways of other bacteria.
The Sec pathway transports proteins across the inner membrane. Sec exported proteins
can remain in the cell envelope or through subsequent mechanisms transit across the
additional cell envelope layers and be fully secreted. Sec-exported proteins travel across
the inner membrane through a channel composed of the integral membrane proteins SecY,
SecE, and SecG (Figure 1), in which SecY forms the central core (24). Sec-exported
proteins are in an unfolded state during their translocation through the channel (25). SecY
and SecE are sufficient to achieve translocation, while SecG improves the efficiency of
export (26–28). There are also additional membrane components that improve Sec export
efficiency: SecD, SecF and YajC (29). The SecA ATPase provides energy for protein
translocation (30, 31). SecA binds to Sec-exported proteins in the cytoplasm, targets them
to SecYEG in the membrane, and harnesses energy from repeated rounds of ATP binding
and hydrolysis to drive stepwise export of unfolded proteins through the SecYEG channel
in the inner membrane (32). For mycobacteria, the second step a Sec-exported protein
may take to cross the outer membrane remains completely unknown.
While the majority of bacteria have a single essential SecA, mycobacteria and a subset
of other Gram-positive bacteria have two SecA proteins (named SecA1 and SecA2) (33–
35). As demonstrated in mycobacteria, the two SecAs have unique functions. SecA1
functions in the general Sec pathway, as described above. SecA2 is a specialized SecA
and is discussed later in the Chapter. Consistent with SecA1 being the SecA of the
essential general Sec pathway, SecA1 of Mycobacterium smegmatis and M. tuberculosis
is essential for viability (33, 36, unpublished Rank and Braunstein). SecA1 exports
proteins with Sec signal peptides (introduced below) (36) and has ATPase activity, as
expected for it being the canonical SecA (37).
Sec export is a post-translational process. Following protein synthesis, Sec-exported
proteins exist in the cytoplasm as unfolded preproteins with N-terminal signal peptides
that are ~25-30 amino acids long (38). The Sec signal peptide is comprised of a positively
charged N-terminus, a hydrophobic central domain, and an uncharged polar C-terminus
containing a signal peptidase cleavage site (39). For lipoproteins exported by the Sec
pathway there is also a lipobox motif at the C-terminus of the signal peptide with an
invariant cysteine that serves as the site of lipid attachment and anchoring of the protein
to the cell envelope post-export (40). In association with export, the signal peptide is
removed from the preprotein by one of two signal peptidases (LepB for the majority of
Sec preproteins and LspA for lipoprotein preproteins specifically), which serves to
produce the cleaved, mature protein species on the extracytoplasmic side of the membrane
10
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(39). As is the case in all other bacteria studied to date, LepB of M. tuberculosis is essential
(41). On the other hand, LspA of M. tuberculosis is not essential although it is important
for pathogenesis (42, 43). The dispensability of LspA is also the case for Gram-positive
Firmicutes, while in Gram-negative bacteria LspA is essential (44).
The general principles of signal peptides established for other bacteria also apply to
mycobacterial proteins exported by the Sec pathway, as shown by in silico prediction
programs for Sec signal peptides being good predictors of M. tuberculosis exported
proteins (18) and by comparing in silico predictions to experimentally determined Nterminal signal peptides of M. tuberculosis (45).
In addition to possessing a signal peptide, another required feature of Sec exported
proteins is that they must be unfolded to be exported (25, 46, 47). Cytosolic chaperones
can help preproteins maintain an unfolded and translocation-competent state and the
SecA-SecYEG translocase may also play a role (48, 49). Gram-negative bacteria have a
SecB chaperone that maintains a subset of preproteins in an unfolded state compatible
with transport through SecYEG (49, 50). SecB also has a role in delivering preproteins to
SecA (51). However, SecB is not present in Gram-positive bacteria. In M. tuberculosis
there is a SecB-like protein (Rv1957); however, Rv1957 is not conserved in mycobacteria
and the available data indicates Rv1957 is a chaperone for the HigBA toxin-antitoxin
system and not a protein export chaperone (52).
In addition to the above described post-translational export of proteins across the inner
membrane, the Sec pathway also participates in co-translational export of transmembrane
domain-containing integral membrane proteins into the membrane (53). With membrane
proteins, once the transmembrane domain emerges from the ribosome, the nascent
polypeptide is recognized by the signal recognition particle (SRP), (comprised of the Ffh
protein and the 4.5S RNA), which then delivers the ribosome-mRNA-nascent protein
complex to the SRP receptor FtsY (54). The SRP receptor in turn delivers the nascent
protein to the SecYEG channel for translocation. For integral membrane proteins, there is
a lateral gate in SecY that allows transmembrane domains to transfer out of the channel
and integrate into the inner membrane, through a process that is facilitated by the integral
membrane YidC protein (55). Specifically for membrane proteins with large periplasmic
domains, SecA may assist in exporting these domains across the membrane (56). Both Ffh
and FtsY are GTPases and GTP hydrolysis is required for membrane protein delivery (57).
Using purified proteins, M. tuberculosis Ffh and FtsY are shown to possess functions of
their E. coli counterparts; they possess GTPase activity and interact with one another and
with the 4.5S RNA of M. tuberculosis (58, 59). Working with a conditional yidC depletion
strain of M. tuberculosis, YidC was demonstrated as being required for growth and
membrane protein localization, as expected for a YidC ortholog (60). However, in the fastgrowing M. smegmatis, yidC depletion has no effect on growth (60).
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The Mycobacterial Tat Pathway
The Twin-arginine translocase (Tat) pathway is another conserved export system of
bacteria. Again, our understanding of the Tat pathway comes largely from studies of the
E. coli system (for a recent review see (61)). Similar to the Sec pathway, after transport
from the cytoplasm, Tat-exported proteins can either remain in the cell envelope or be
fully secreted via a subsequent mechanism. Here too, the pathway for crossing the outer
membrane remains a mystery. Proteins exported by the Tat pathway are synthesized as
preproteins with cleavable N-terminal signal peptides. However, as the name of the
pathway reflects, Tat signal peptides are distinguished from Sec signal peptides by a Tat
motif containing a pair of twin arginine residues (see below) (62). Compared to the Sec
pathway, fewer total proteins are exported by the Tat pathway. Some Streptomyces are
estimated to have ~150 proteins exported by the Tat pathway and M. tuberculosis may
have as many as 95 proteins (63), whereas other bacteria have far fewer or lack a Tat
pathway completely (64, 65). Most notably, the Tat pathway is fundamentally different
from the Sec pathway in that folded, rather than unfolded, proteins are exported (66). The
studies conducted so far of the mechanism of Tat export in mycobacteria indicate that the
Tat system of mycobacteria functions similarly to the Tat pathways of other bacteria.
As in E. coli, in high-GC Gram-positive actinobacteria, including mycobacteria, the
Tat pathway is made up of three integral membrane proteins: TatA, TatB, and TatC
(Figure 1) (67–69). TatA and TatB are small homologous membrane proteins, each
containing a single transmembrane domain. TatC is a larger integral membrane protein
(70). In Firmicutes, however, the Tat pathway is a streamlined system with only TatA and
TatC (65).
Tat preproteins are recognized by a complex of TatB and TatC, with TatC recognizing
the twin arginine signal peptide (71, 72). Once a preprotein is bound to TatBC, homooligomers of TatA are recruited to the complex (71) and the Tat preprotein is transported
across the membrane. Tat export is a post-translational process and the energy to drive Tat
transport comes from the proton motive force (73, 74). The mechanism of transit across
the membrane remains a significant unknown. Some models propose that TatA oligomers
form a substrate-fitted protein-conducting channel (75) that accommodates folded proteins
of different size and shape. An alternate model proposes that TatA multimers lead to
destabilization of the membrane in the vicinity of the TatBC-substrate complex and
thereby allow TatC-driven translocation of the substrate without the need of a channel
(76). Following export, Tat preproteins undergo signal peptide cleavage by the same signal
peptidases that work with the Sec pathway: LepB or LspA (77, 78).
Tat signal peptides resemble Sec signal peptides in having a positively charged Nterminus, a hydrophobic central domain, and an uncharged polar C-terminus containing a
cleavage site. However, Tat signal peptides are distinguished from Sec signal peptides by
the presence of a Tat motif with twin arginines (R-R-X-Φ-Φ (Φ=hydrophobic) (62).
12
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Substitution of the twin-arginines with other residues prevents export of most Tatdependent proteins, but there are a few examples of Tat-exported proteins with only one
arginine (79–81). In mycobacteria, Tat signal peptides appear to follow the same rules
established in other bacteria. So far, 18 M. tuberculosis proteins are confirmed as having
functional Tat signal peptides (for a listing see (23)). Working with the endogenous βlactamase of M. tuberculosis (BlaC), which is a Tat-exported protein, the requirement of
the twin RR pair for mycobacterial Tat export was confirmed (63, 67). Since β-lactamases
must be exported in order to protect bacteria against β-lactam antibiotics, the requirement
of the Tat pathway for BlaC export contributes to the natural resistance of M. tuberculosis
to β-lactams.
In addition to a Tat signal peptide, the second required feature of Tat-dependent
proteins is that they are folded prior to export. Unfolded or misfolded proteins are
generally unacceptable for export, suggesting the Tat export system has a “proofreading”
ability that restricts export to properly folded proteins (66, 82).
In addition to fully exporting proteins across the membrane, the Tat pathway plays a
role in the delivery of a small subset of integral membrane proteins into the inner
membrane. These cases either involve a protein with a Tat signal peptide and a C-terminal
transmembrane domain, with the latter becoming integrated into the membrane during
translocation, or a protein with a non-cleavable N-terminal Tat signal peptide that remains
anchored in the membrane (65, 83, 84). Most recently, examples of integral membrane
proteins that require both the Sec and Tat pathways to deliver and transport across the
membrane multiple periplasmic domains were identified. The role of the Tat pathway in
this interesting subset of proteins is to translocate periplasmic domains that, similar to
many soluble Tat substrates, must bind a co-factor in the cytoplasm and, therefore, fold
prior to export. An internal Tat motif is present in such Tat-dependent periplasmic
domains. The first example of a dual Sec and Tat-dependent membrane protein was the
Streptomyces Rieske iron-sulfur binding protein, which is a subunit of the cytochrome bc1
complex (85).
In general, the Tat pathway is not essential for bacterial viability and tat mutants are
viable, at least in standard laboratory media (65). This is not the case, however, for M.
tuberculosis, which provides one of the few examples of a bacteria with an essential Tat
pathway (69). In fact, even in the fast-growing and non-pathogenic mycobacterium M.
smegmatis the Tat system is not essential, although tatA, tatB, and tatC deletion mutants
have in vitro growth defects (67, 68). A possible explanation for the essentiality of the M.
tuberculosis Tat pathway is that, like the case in Streptomyces, the mycobacterial Tat
pathway may be required for export of the iron-sulfur bound periplasmic domain of the
Rieske membrane protein (i.e. QcrA) subunit of cytochrome bc1 since in M. tuberculosis
the cytochrome bc1 complex is essential (86). In support of this possibility, the ironsulfur-binding domain of M. tuberculosis QcrA has an internal Tat motif (RRKLI).
13

1
2
3
4
5
6
&

Chapter 1

The Mycobacterial SecA2 Pathway
Mycobacteria are unusual in having two SecA homologues, but they are not the only
bacteria with two SecAs. Along with other Actinobacteria (e.g. corynebacteria) (87), there
is a subset Firmicutes including Listeria (88), Clostridioides (89), Staphylococcus (90),
some Streptococci (91–93) and some Bacilli (94) with two SecAs. In all these cases,
SecA1 is the name given to the canonical and essential SecA ATPase of the general Sec
pathway, and SecA2 refers to a specialized SecA that promotes export of a relatively small
set of proteins. It is important to note that not all SecA2 systems are similar or
evolutionarily conserved (35, 95). SecA2 systems can be divided into at least two groups:
mycobacteria, Listeria monocytogenes and Clostridium difficile provide examples of
SecA2 systems in which SecA2 appears to work with the canonical SecYEG channel of
the general Sec pathway to export a small but diverse set of proteins (89, 96, 97). These
systems are called multi-substrate SecA2 systems or SecA2-only systems, the latter name
referring to their lack of a second SecY (SecY2) in the system. Staphylococcus and
Streptococci are examples of bacteria with SecA2 systems that include an accessory SecY
(SecY2) and additional accessory Sec proteins (98). These latter systems export a single,
large, glycosylated substrate and they are called accessory Sec (aSec) or SecA2-SecY2
systems and will not be discussed further here.
Composition of the mycobacterial SecA2 pathway
The SecA2 pathway exists in all mycobacteria. In contrast to SecA1 of the general Sec
pathway, the role of SecA2 in mycobacterial protein export is limited to a smaller set of
proteins and SecA2 is not essential for mycobacterial growth in vitro (99–102). In
pathogenic mycobacteria SecA2 is required for pathogenesis (99–101). Early studies of
the SecAs of mycobacteria demonstrated that SecA2 and SecA1 are functionally distinct
proteins. Even if SecA2 is overexpressed, it cannot replace the requirement for SecA1 and
if SecA1 is overexpressed it cannot carry out the function of SecA2 (33). The functional
differences between SecA1 and SecA2 remain a big unknown. Both SecAs have ATPase
activity (37) and the crystal structures of M. tuberculosis SecA1 and SecA2 reveal a
surprising high level of structural similarity, with both SecAs possessing the functional
domains of canonical SecAs (103).
As shown with SecA2 variants harboring amino acid substitutions in the ATP-binding
site of M. smegmatis SecA2 (K129R) or M. tuberculosis SecA2 (K115R), ATP binding is
required for SecA2 to carry out its function in protein export and pathogenesis (37, 104).
Interestingly, secA2 K129R in M. smegmatis is dominant negative and associated with
more severe phenotypes than a secA2 null mutant. Moreover, SecA2 K129R is associated
with reduced levels of the sole SecY of mycobacteria, and suppressors of the severe secA2
K129R phenotypes map to secY (96). These results support a model whereby the severe
phenotypes of SecA2 K129R result from a detrimental interaction with the canonical
14
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SecYEG channel of the general Sec pathway. By extension, these effects of SecA2 K129R
argue for SecA2 exporting proteins through the same SecYEG channel that is used by
SecA1 (Figure 1). Data from L. monocytogenes and C. difficile is consistent with SecA2
working with the canonical SecYEG channel in these other multi-substrate SecA2-only
systems, as well (89, 97).
Along with SecY, SecA1 may also be important for mycobacterial SecA2-dependent
export. SecA proteins are known to dimerize, and a recent study demonstrates heterodimer
(as well as homodimer) formation in vitro with M. tuberculosis SecA1 and SecA2 proteins
purified from E. coli (105). While it remains to be demonstrated if SecA1-SecA2
heterodimers are biologically relevant, another finding in support of a role of SecA1 in the
SecA2 pathway is that export of SecA2-dependent substrates in M. smegmatis is
compromised when SecA1 is depleted. However, it is also possible that this latter result
reflects a role for SecA1 in delivering components of the SecYEG channel to their
membrane location (104).
The convergence of SecA1 and SecA2 on the same translocation channel raises the
question of what distinguishes the SecA2 pathway from the general Sec pathway. We
expect there are distinctive features of SecA2 substrates and additional components of the
SecA2 pathway that distinguish it from the general Sec pathway.
The multi-substrates of the mycobacterial SecA2 pathway
Through a combination of discovery proteomics and direct testing of candidates, proteins
that are exported by the SecA2 pathway have been identified in M. tuberculosis,
Mycobacterium marinum and M. smegmatis (99, 101, 102, 106). Across these species,
there are currently fifteen validated examples of proteins that are exported in a SecA2dependent manner (Table 1). Some of these proteins localize to the cell envelope and
others are fully secreted. From proteomics experiments, there are additional candidates for
SecA2-dependent proteins that remain to be validated. The current list of SecA2dependent proteins includes examples of proteins with or without predicted N-terminal
signal peptides or transmembrane domains. In the SecA2-only system of L.
monocytogenes the list of proteins identified as SecA2-dependent also include examples
with or without signal peptides (107). The list of proteins exported by the mycobacterial
SecA2 pathway reveals functional themes.
Solute binding proteins (SBPs), a category of transporter proteins, are exported by the
SecA2 pathways of M. tuberculosis, M. marinum and M. smegmatis (99, 101, 102, 106).
SBPs are exported into the cell envelope in order to carry out functions in delivering
solutes to membrane localized ABC (ATP-binding cassette) transporters for import into
the cell. The first SBPs identified as exported by the SecA2 pathway are the M. smegmatis
Msmeg1704 and Msmeg1712 proteins (106), which are predicted to function in sugar
import. SBPs are also identified as being exported by the SecA2 pathways of M.
15
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tuberculosis and M. marinum (101, 102). Of fifteen SBPs identified by quantitative
proteomics of M. tuberculosis, thirteen are detected as being exported in a SecA2dependent manner (102). SBPs are also on the list of SecA2 exported proteins for the L.
monocytogenes SecA2-only system (107). It is worth noting that SBPs exist across
bacteria (i.e. they are not always exported by SecA2 systems). The SecA2-dependent SBPs
of mycobacteria possess recognizable N-terminal signal peptides containing a lipobox
motif, with the majority having predicted Sec signal peptides. However, four of the
thirteen SecA2-dependent SBPs of M. tuberculosis are predicted to have Tat signal
peptides (102).
Mce proteins, another category of transporter proteins, are also exported in a SecA2dependent manner in mycobacteria (101, 102). Comparative proteomics of cell envelope
fractions of wild type versus secA2 mutant M. tuberculosis and M. marinum identified
numerous components of cell envelope-localized Mce transporters as SecA2-dependent;
Mce components are also SecA2-dependent in M. smegmatis (Rank and Braunstein,
unpublished). These exported Mce components possess either a signal peptide or
transmembrane domain. Mce transporters are thought to function similarly to ABC
transporters in that they recognize an extracytoplasmic solute (in this case a lipid) and
deliver it to a membrane complex that imports it across the membrane using ATP
hydrolysis (108). In an interesting similarity to SecA2-dependent SBPs, each Mce
transporter (M. tuberculosis has four Mce transporters) includes six exported Mce proteins
that are thought to function like SBPs. It remains to be resolved if SecA2 is required for
export of numerous individual components of Mce transporter complexes or if the role of
SecA2 is to export one or a small number of Mce proteins that are required to stabilize the
entire Mce complex in the cell envelope. In the latter scenario, a defect in export of a single
Mce protein may account for the observed reduction in abundance of numerous Mce
components in a secA2 mutant.
Effectors of phagosome maturation arrest are another category of protein exported by
the SecA2 pathway. A hallmark of pathogenic mycobacteria that survive in macrophages,
such as M. tuberculosis and M. marinum, is their ability to arrest the phagosomes in which
they reside from maturing and fusing with degradative lysosomes (109). As a result,
pathogenic mycobacteria are in a phagosomal environment that is permissive for
replication and sequestered from antigen-presenting compartments that drive immune
responses. Phagosome maturation arrest is a complex process involving numerous M.
tuberculosis proteins (i.e. effectors) that must be exported to reach their site of action at
the host-pathogen interface. In M. tuberculosis and M. marinum, the SecA2 pathway is
required for phagosome maturation arrest (101, 110), and SapM and PknG are two SecA2dependent effectors of this process (101, 111). SapM is a secreted phosphatase that
dephosphorylates phosphatidyl inositol-3-phosphate and thereby limits phagosomal
recruitment of host factors that drive downstream phagosome fusion and maturation
16

General introduction

events (112). PknG is a eukaryotic-like serine threonine kinase that is found both in the
cytoplasm and cell envelope of pathogenic mycobacteria (113). From its exported
location, PknG has a poorly defined role in phagosome maturation arrest (114) and from
its cytoplasmic location it has better characterized roles in metabolism and redox
homeostasis (113, 115, 116). Through experiments in which wild type levels of exported
SapM and/or PknG were restored to the secA2 mutant of M. tuberculosis or M. marinum,
the role of the SecA2 pathway in exporting these proteins was proven to be required for
phagosome maturation arrest (101, 111). However, since the combined effect of restored
SapM and PknG export is not sufficient to fully restore phagosome maturation arrest to
the secA2 mutant, additional SecA2-dependent effectors must exist. A candidate for an
additional factor is the M. tuberculosis lipoprotein LipO, which was identified in a screen
for phagosome maturation arrest effectors of M. tuberculosis (117). LipO, which was
initially detected as being SecA2-dependent by comparative proteomics (102), was
recently validated as being exported in a SecA2-dependent manner (Zulauf and Braunstein
unpublished). Although there is a clear role for the SecA2 pathway in exporting effectors
of phagosome maturation arrest, it is important to note that not all effectors of this process
are exported by the SecA2 pathway.
Proteins lacking signal peptides are another category of SecA2-dependent protein.
PknG, SodA (superoxide dismutase) and KatG (catalase-peroxidase) make up this subset
of SecA2-dependent proteins (99, 101, 102). Although there are multiple reports of all
three of these proteins being exported by mycobacteria (i.e. localized to cell envelope or
secreted fractions), they lack any obvious signal peptide or transmembrane domain, which
makes them unconventional exported proteins (113, 114, 118–120). At the same time,
these proteins are also known to reside in the mycobacterial cytoplasm where they have
physiological functions (113, 115, 116, 118, 121). Interestingly, the SecA2-only pathway
of L. monocytogenes is also reported to export a SodA protein lacking a signal peptide
(122). However, nothing is known about the recognition of proteins lacking signal
peptides by the SecA2 pathway, and it remains possible that the effect of SecA2 on their
export is indirect. For example, there may be signal peptide-containing proteins exported
by SecA2 that are themselves responsible for export of these unconventional proteins.
The defining features of SecA2 substrates
While there are exceptions, the majority of SecA2-exported proteins possess N-terminal
signal peptides. The role of the signal peptide in export of SecA2 substrates was evaluated
with Msmeg1704, Msmeg1712 (123) and SapM (Zulauf and Braunstein, unpublished). As
is the case for proteins exported by the general Sec pathway, the signal peptide on these
SecA2 substrates is necessary for protein export to occur and the signal peptide is cleaved
in association with export to release the mature protein (106). Experiments in which the
signal peptide of a SecA2-dependent and SecA1-dependent substrates are swapped
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demonstrate that the signal peptide does not determine if a protein is exported by the
SecA2 pathway or not (123). Rather, the mature domains of SecA2-exported proteins
impart the requirement for SecA2 in their export.
Table 1. Validated examples of SecA2-dependent exported proteins of mycobacteria.
Protein

Signal peptide /
Transmembrane

Species

Function

Reference

Ms1704

Signal peptide

M. smegmatis

SBP

(106)

Ms1712

Signal peptide

M. smegmatis

SBP

(106)

Signal peptide

M. tuberculosis

SBP

(102)

Signal peptide

M. marinum

SBP

(101)

Transmembrane

M. tuberculosis

Signal peptide

M. tuberculosis

Signal peptide

M. tuberculosis

Transmembrane

M. tuberculosis

Signal peptide

M. tuberculosis

PhoS1
(Rv0928)
DppA
(Mmar_5154)
Mce1A
(Rv0169)
Mce1C
(Rv0171)
Mce1E
(Rv0173)
Mce1F
(Rv0174)
SapM
(Rv3310)
PknG
(Rv0410c)
LipO
(Rv1426c)
SodA
(Rv3846)
KatG
(Rv1908c)
LipA
(Mmar_2284)
MMAR_3060

None

Mce transporter
component
Mce transporter
component
Mce transporter
component
Mce transporter
component
Phosphatase
effector

M. tuberculosis

Kinase

M. marinum

effector

Signal peptide

M. tuberculosis

None

M. tuberculosis

None

M. tuberculosis

Signal peptide

M. marinum

Signal peptide

M. marinum

Predicted
esterase
Superoxide
dismutase
Catalaseperoxidase
Cell wall
hydrolase
Conserved
hypothetical

(102)
(102)
(102)
(102)
(111)
(101, 102)
(102)
(99, 293, 294)
(99)
(99)
(101)

The defining feature of the mature domain that dictates the need for SecA2 in export
may be a propensity to fold in the cytoplasm prior to export. In support of this idea, when
the Sec signal peptide of Msmeg1704 is exchanged for a signal peptide that directs
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preproteins for export through the twin-arginine translocase (Tat) pathway, Msmeg1704
is exported by the Tat pathway (123). Since the Tat pathway requires preproteins to be
folded prior to export, this suggests that the mature domain of a SecA2 substrate can fold
in the cytoplasm prior to export.
Since there is no SecB protein export chaperone in mycobacteria, one possibility is
that the SecA2 pathway is adapted to facilitate export through the SecYEG channel of
problematic substrates that can fold in the cytoplasm. Along these lines, a mycobacterial
protein export chaperone named SatS was recently identified as playing a role in the
SecA2 pathway (124). SatS stabilizes and prevents aggregation of a subset of SecA2
substrates. Thus, SatS may serve to keep SecA2 substrates in an unfolded state compatible
with transport through SecYEG and thereby help the SecA2 pathway export proteins that
have the potential for folding in the cytoplasm.

Mycobacterial T7S Pathways
Substrates of the type VII secretion pathway are among the most abundantly secreted
proteins indicating their ability to efficiently cross the mycobacterial outer membrane
(125). Although conserved throughout the phylum Actinobacteria (see below), this
secretion pathway was first described in mycobacteria, and in earlier literature T7S was
referred to by multiple names, such as ESAT-6 secretion system (Ess), WXG100 secretion
system (Wss) or Snm (secretion in mycobacteria) system (126, 127). However, with the
visualization of the diderm cell envelope and the observation that T7S substrates are
efficiently secreted into the extracellular environment and therefore need to pass two
membranes, the term T7S, in line with the specialized secretion systems found in Gramnegative bacteria, became the accepted standard name (128, 129). Mycobacteria can
contain up to five T7S systems, named ESX-1 through ESX-5 (125, 130). Of these five
systems, the ESX-1 system was the first one to be discovered, being responsible for the
secretion of the EsxA and EsxB proteins, also known as ESAT-6 and CFP-10,
respectively, in M. tuberculosis (131, 132). The importance of the ESX-1 system for the
virulence of M. tuberculosis is clearly demonstrated by the observation that deletion of a
large portion of the esx-1 gene cluster, resulting in a nonfunctional system, is the decisive
determinant for attenuation of the vaccine strain M. bovis BCG (133–135). Further studies,
both in M. tuberculosis and the closely related fish pathogen M. marinum, showed that the
ESX-1 system is crucial for intracellular survival in macrophages by mediating lysis of
the phagosomal membrane (136). This membrane permeabilization has been linked to
phagosomal escape (137, 138). Additionally, phagosome permeabilization by the ESX-1
system is likely required for the delivery of secreted effectors from the phagosomal lumen
to the host cell cytosol, including effectors secreted from mycobacteria by other ESX
systems, SecA, SecA2 or Tat. Although this permeabilization has been mainly attributed
to the ESX-1 secreted protein EsxA, different studies provide conflicting results (138–
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142). Further research is therefore required to pinpoint the ESX-1 substrate that is
responsible for the phagosomal membrane rupture (138–142). Besides its pivotal role in
the virulence of pathogenic mycobacteria, ESX-1 is also present and functional in nonpathogenic mycobacteria such as the fast-growing M. smegmatis. Intriguingly, the ESX-1
system of M. smegmatis seems to have a very different role, of promoting DNA
conjugation, which will be discussed later (143). The diverse roles of ESX-1 are probably
caused by a difference in the ESX-1 substrates that are secreted by different species.
Indeed, M. smegmatis lacks several ESX-1 substrates that are present in M. tuberculosis
and M. marinum, that have been linked to virulence (136).
The role of the ESX-1 system in virulence and pathogenicity has been a major focus
of TB-related research for more than a decade. The function and importance of several of
the other ESX systems have only been described in the last few years. Strikingly, while
the ESX-1 system is dispensable for growth in culture, both the ESX-3 and ESX-5 system
are necessary for bacterial viability in M. tuberculosis. The essentiality of the ESX-3
system is due to its role in iron and zinc uptake (144, 145). Possibly linked to its role in
iron acquisition, ESX-3 is one of the most conserved ESX-systems, being present in all
mycobacterial species, of which genome sequences are available. In addition to this, the
ESX-3 substrates EsxH, PE15 and PPE20 also play a role in immune modulation, e.g.
EsxH is required for inhibition of phagosome maturation (146, 147). The ESX-5 system
on the other hand is only present in the subgroup of so-called slow-growing mycobacteria,
which contains most pathogenic species, such as M. tuberculosis, Mycobacterium leprae
and M. marinum (148). Although it is still unknown what the exact role of the ESX-5
system is, its essentiality for growth has been linked to outer membrane permeability and
nutrient uptake in M. marinum (149). Furthermore, the ESX-5 system has been shown to
be involved in immune modulation of the host as well (150–154). The characterization of
the exact roles of the ESX-5 system is complicated by the large number (>100) of
substrates that it secretes.
The roles of the ESX-2 and ESX-4 system and the substrates they secrete remain
unknown. Several studies have shown that these systems are not essential for virulence or
in vitro growth of M. tuberculosis (155, 156), although a Tn-seq study found that
mutations in the ESX-2 and ESX-4 system resulted in a reduced fitness in dendritic cells
(157). In contrast to this, a recent study by Laencina et al. showed that the ESX-4 system
of the opportunistic pathogen Mycobacterium abscessus is not only functional but even
plays a critical role in virulence (158), as ESX-4 transposon and deletion mutants showed
reduced survival both in amoeba and murine cells. This phenotype was suggested to be
the result of impaired phagosomal rupture, a feature generally attributed to the ESX-1
system in M. tuberculosis and M. marinum. As M. abscessus lacks the ESX-1 system,
ESX-4 may carry out its role in this species. Finally, in M. smegmatis ESX-4 seems to be,
together with ESX-1, involved in DNA conjugation as well (see below) (159, 160).
20

General introduction

In addition to these five ESX-systems that are genomically encoded, many other esx
loci have been identified that are located on plasmids (161–163). In addition, homologous
esx gene clusters are present throughout the phylum Actinobacteria, not only in species
with a diderm cell envelope similar to mycobacteria, such as in corynebacteria and
nocardia, but also in species that lack a mycolic acid containing outer membrane (130,
164, 165). Lastly, more distantly related systems are present and functional in a subset of
Firmicutes, such as Staphylococcus aureus, Streptococcus intermedius and Bacillus
subtilis. As most T7S components present in Actinobacteria are not conserved in the
Firmicute systems, Firmicute systems are referred to as type VIIb secretion systems,
opposed to type VIIa systems of Actinobacteria (130, 166, 167).

Composition and mechanism of mycobacterial ESX-systems
The ESX systems of mycobacteria contain a set of conserved components. During the
early years of T7S-related research, genome annotation numbers were often used to refer
to these components. To avoid confusion, researchers in the T7S field proposed a
systematic nomenclature based on the genetic composition of the systems, which is now
the accepted standard (128). Based on this nomenclature, genes that are conserved in at
least four of the mycobacterial ESX systems are defined as ecc, for esx conserved
component. The system specific genes, in most cases encoding for secreted substrates, are
designated esp, esx-specific protein. There are two exceptions to this rule, mycP and espG.
Although the mycosin proteases (MycP) are conserved in all ESX-systems, the term
mycosins was already an established name and was therefore not altered. For the second
exception, EspG was originally not identified as a conserved component due to low
homology between the different espG genes. However, the EspG proteins, present in four
of the ESX-systems, have now been shown to be functional homologues (168, 169). For
the major substrate groups, the previously defined terms were kept. The first of these
groups are called the Esx proteins, as EsxA (ESAT-6) and EsxB (CFP-10) were already
frequently used terms for two members of this group. The second, larger group contains
the so-called PE and PPE proteins, referring to the presence of a proline-glutamic acid
(PE) or proline-proline-glutamic acid (PPE) N-terminal amino acid motif (128, 130, 154,
170).
ESX substrates
All mycobacterial ESX-systems are encoded by genes that are clustered in distinctive
genomic loci. In the middle of these gene clusters is always a pair of esx genes. These esx
genes, which are co-transcribed, encode for small proteins of the WXG100 family, named
after the conservation of a Tryptophan and Glycine residue separated by a random amino
acid and their length of roughly 100 amino acids (166, 171). The esx genes are not limited
to the ESX loci; additional esx gene pairs can be found throughout the genome sequence
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(130, 148). The two Esx proteins that are encoded from the bicistronic transcript form
heterodimers in the cytosol and are co-dependent on each other for secretion (Figure 1)
(172). For example, the ESX-1 system contains the well-described protein pair
EsxA/EsxB that are believed to be secreted as a dimer (173, 174). However, whereas EsxA
has been shown to play a major role in virulence, this has not been shown for EsxB (138,
175). From this observation, it is postulated that EsxB is the chaperone for EsxA and that
their interaction is required for successful secretion. As their interaction is required for
successful secretion, an esxB mutant shows a similar phenotype as an esxA mutant (139,
176). The heterodimer EsxA/EsxB is also the first Esx pair for which a high-resolution
structure has been solved (174). The structure shows the presence of a helix-turn-helix
motif in both proteins, where the turn contains the WXG motif and the double helices
interact in an antiparallel orientation with the double helices of the partner. Furthermore,
it shows that the N- and C-terminal tails are flexible. Predicted structural similarities
suggest that the EsxA/EsxB structure can serve as a model for the other Esx proteins,
which was confirmed by the crystal structures of the ESX-3 associated heterodimeric
substrates EsxG/EsxH and EsxR/EsxS (177, 178).
Genes encoding for the second substrate group, the PE and PPE proteins, are also
present in four of the esx loci; only the ESX-4 gene cluster does not contain any pe or ppe
genes. However, most pe and ppe genes are not associated with these loci (130, 148, 154,
179). In fact, pathogenic mycobacteria contain up to 99 pe and 69 ppe genes and e.g. in
M. tuberculosis approximately 10% of the encoding genome belongs to pe and ppe genes.
While the ESX-1 and ESX-3 system are responsible for the secretion of some PE and PPE
proteins (147, 154, 180), the majority of the PE and PPE proteins are secreted through the
ESX-5 system (150). Similar to the Esx proteins, several pe and ppe genes are clustered
in a bicistronic operon, consisting of one pe and one ppe gene, and at least some of the
corresponding proteins form heterodimers (169, 181). These heterodimers are often
dependent on each other for stability and solubility (Figure 1) (169, 181, 182).
Substrates belonging to the PE/PPE protein group are often bound to the cell surface,
which is in contrast to the Esx proteins that are mainly secreted into the culture medium
(183, 184). These substrates consist of a distinctive N and C-terminal domain: whereas
the N-terminal PE and PPE domains, with a length of ~110 and 180 amino acids,
respectively, are highly conserved and are involved in the secretion process, the Cterminal domains are less conserved and are thought to be involved in protein-specific
functions. The resolved crystal structures of PE25/PPE41 and PE18/PPE15 reveal
structural similarities between Esx and PE/PPE heterodimers (182, 185). While the PE
domain only consists of two alpha helices, the PPE domain contains five alpha-helices, of
which helix α2 and α3 mediate dimerization with the PE partner, forming a four-helix
bundle similar to Esx pairs. Unlike Esx dimers, only the PPE protein contains a WXG
motif in the turn between these two helices. The fourth and fifth alpha helix of the PPE
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domain form an extending hydrophobic tip that is recognized by the EspG component,
which will be discussed below (169, 180, 181, 185). The size of the more variable Cterminal domains of PE and PPE proteins can be large; for example, the subgroup of
PE_PGRS (polymorphic GC-rich repetitive sequences) proteins can have C-terminal
domains of over 1,400 amino acids (148). Only a minority of these C-termini contains
predicted functional domains, e.g. executing predicted lipase activity. Consequently, for
only a few PE/PPE proteins a function has been described (186, 187).
The final group of substrates, the Esp proteins, are specific for the ESX-1 system (188–
191). Although less is currently known about the secretion of these substrates, EspA and
EspC are co-transcribed and have been shown to be co-dependent on each other for
secretion and interact to form a heterodimer (188, 192), similar as is likely the case for
EspE and EspF (184, 188, 193). In contrast to this, another ESX-1 substrate, EspB, has a
PE-PPE-dimer like fold, forming a double helix-turn-helix by itself, suggesting it is
secreted as a monomer (194, 195). Whether the final Esp substrates, EspK and EspJ, are
secreted as monomers or heterodimers remains unknown (190, 191).
An intriguing feature of ESX-1 substrates is that there are some cases of unpaired
substrates being co-dependent on each other for secretion; i.e. the secretion of EspA/EspC
is affected by mutations in esxA/esxB and vice versa (176, 188, 196). This co-dependence
of ESX-1 substrates complicates the understanding of the mechanism of secretion by the
ESX-1 system, as a mutation in e.g. specific chaperones will also affect the secretion of
ESX-1 substrates that do not interact with this chaperone. Furthermore, it makes it difficult
to pinpoint specific functions for individual ESX-1 substrates (132, 176, 197). Some level
of co-dependence of substrates for secretion has also been reported for ESX-3 and ESX-5
substrates. For ESX-3, deletion of esxH has been shown to abolish secretion of ESX-3
dependent PE/PPE proteins, although this does not happen vice versa (147). The ESX-5
substrate, PPE38, is required for secretion of the two largest ESX-5 substrate groups,
PPE_MPTR and PE_PGRS (198). Although the mechanism for this dependency on PPE38
is currently still unknown, PPE38 appears to be of great importance as the emerging M.
tuberculosis Beijing isolates share a polymorphism in the ppe38-locus (198). In addition,
the ESX-5 substrate PPE10 affects the integrity of the capsular layer of mycobacteria (see
below) (199), indirectly affecting the proper localization of other substrates, not only of
ESX-5 but also of the ESX-1 system (199).
ESX secretion signal and the cytosolic chaperone EspG
Unlike Sec or Tat- substrates, the ESX substrates do not contain a N-terminal signal
peptide; instead the Esx, PE and Esp substrates have a C-terminal secretion signal directly
downstream of a helix-turn-helix. In the case of the Esx and PE/PPE heterodimers, only
one of the proteins has this secretion signal; EsxB for the EsxA/EsxB pair (172) and the
PE protein in the case of the PE/PPE pairs (195). Two elements of the secretion signal
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have been identified. One is a conserved motif, consisting of a tyrosine residue and a
residue with a negative charge separated by 3 random amino acids (YxxxD/E). This motif
is required for secretion of T7S substrates (195). The other element is downstream of the
YxxxD/E motif at the extreme C-terminus of the protein. These ~7 amino acids, which
include additional hydrophobic residues, are also required for secretion (172). In addition,
these C-terminal 7 amino acids interact with the C-terminal domain of the ESX-1
component EccCb1 of M. tuberculosis, as demonstrated by yeast-two-hybrid analysis and
immunoprecipitation (172). Structural studies demonstrate a similar interaction between a
peptide containing the last 23 residues of EsxB and EccC of the T7S system of
Thermomonospora curvata (200). It is noteworthy, that only the last 7 amino acids of this
peptide were visible in the structure. The YxxxD/E motif was disordered in the structure,
suggesting the motif is not involved in the binding of this peptide to EccC
(200). However, it remains unclear how the entire signal interacts with EccC in the
context of the full substrate and the complete secretion system. Sequence alignments
across the wider array of WXG100 subfamilies also identify a C-terminal consensus
sequence, aligned to the side of alpha helix 2 consisting of a conserved HxxxD/E motif
(like that of YxxxD/E) and hydrophobic residues downstream of this motif (201).
Swapping the C-terminal 15 amino acids including the YxxxD/E secretion motif of two
PE substrates, secreted by ESX-1 or ESX-5, did not affect their secretion nor by which
system they are transported (195). This shows that, although the C-terminal secretion
signal is essential for secretion, it is not involved in system specificity. Instead, a recent
study by Phan et al. showed that the fourth and fifth helix of the PPE domain, recognized
by the EspG chaperone, contains the signal for system specific recognition (180).
Although EspG was at first considered an ESX-1 specific protein, it has now been
established to be a conserved component; in fact, only the ESX-4 system does not contain
an espG gene. Although the EspG proteins share a low amino acid conservation, the solved
tertiary structures of EspG1, EspG3 and EspG5 are very similar (169, 181, 202). Previous
studies already illustrated the importance of EspG5 in the general secretion process, as it
is required for the secretion of several ESX-5 substrates in M. marinum (151). More
information about its role in the secretion process was obtained by the observation that the
deletion of espG1 decreases the stability of PPE68 in M. tuberculosis (203), which
indicated that the EspG proteins might function as a chaperone. Importantly, the chaperone
of the ESX-5 system, EspG5, only interacts with PE/PPE pairs secreted by the ESX-5
system in M. marinum (169). Similar to this, EspG1 was shown to only bind to an ESX-1
dependent PE/PPE heterodimer and not to PE/PPE pairs secreted by the ESX-5 system
(168). This is in line with the observation that EspG1 and EspG5 increase the solubility of
their cognate PE/PPE substrates in vitro (181). As EspG is strictly cytoplasmic, it was
hypothesized that EspG is required for the recruitment of the PE/PPE pairs to the
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membrane embedded secretion complex, after which it dissociates from these substrates
(Figure 1) (168).
The regions involved in the interaction of EspG and PE/PPE dimers was shown by the
crystal structure of EspG5 in complex with the PE25/PPE41 dimer (169, 181). The
structure showed that EspG5 only binds to the hydrophobic tip of helices α4 and α5 of the
PPE domain of PPE41 and does not interact with the PE protein, including the general
secretion signal. This corresponds with an earlier study showing that the YxxxD/E motif
of the PE protein is not required for binding of the PE/PPE pair to EspG (195). The
observation that binding of EspG5 does not introduce conformational changes to the
PE/PPE dimer, but increases the solubility of the protein pair (181), suggests that EspG
prevents self-aggregation via the hydrophobic tip of the PPE protein (169, 181).
As EspG proteins specifically interact with PE/PPE pairs of their respective system, it
was already postulated that EspG might direct system specificity of these substrates (169).
To confirm this, Phan et al. investigated the role of the region involved in EspG1 binding,
hereafter named the EspG1 binding domain, of the ESX-1 substrate PE35/PPE68_1 in M.
marinum (180). Indeed, PE35/PPE68_1 could be rerouted to the ESX-5 system by
replacing the EspG1 binding domain of PPE68_1 with the equivalent EspG5 binding
domain of the ESX-5 substrate PPE18. This domain replacement makes the
PE35/PPE68_1 protein pair independent of both EspG1 and the ESX-1 membrane complex
but instead dependent on EspG5 and the ESX-5 complex for secretion. These findings
show that EspG not only is required for the solubility of PE/PPE complexes, but also that
it specifically directs these protein pairs to their respective ESX-system. The additional
observation in several studies, that EspG1 is also required for the secretion of Esx and Esp
proteins in M. marinum, is probably an indirect effect due to the substrate co-dependence,
as Esx pairs lack an EspG binding domain (180, 204).Finally, recent findings show that
the ESX-1 substrate EspE interacts with EspH, a small ESX-1 associated protein that is
not secreted, in the cytosol of M. marinum, which is required for the stable expression and
secretion of EspE/EspF (204). Interestingly, several ESX-1 associated proteins show
homology and conserved predicted structural features to EspH (i.e. EspD and EspL),
indicating that these Esp proteins might serve as specific chaperones for specific Esp
substrates.
EccA
The second ESX conserved cytosolic component is EccA, belonging to the family of
AAA+ (ATPases Associated with diverse cellular Activities) proteins. AAA+ ATPases
have been linked to a wide range of different mechanisms, such as protein homeostasis,
signaling pathways and the assembly and disassembly of protein complexes (205, 206). A
distinctive feature of AAA+ proteins is that they usually form hexameric rings, with an
opening in the center. Although not a common feature of prokaryotic secretion systems,
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the type VI secretion system also contains an AAA+ ATPase, involved in the disassembly
of the secretion apparatus (205). EccA is absent in the ESX-4 system, similar as for the
cytosolic chaperone EspG. All EccA homologs have an identical composition, consisting
of distinctive N and C-terminal domains separated by a linker region. The C-terminal
domain contains the typical AAA+ ATPase characteristics, such as the walker and
oligomerization motifs, whereas the N-terminal domain contains 12 anti-parallel α helices,
arranged into 6 tandem tetratricopeptide (TPR) repeat motifs, known for their involvement
in protein-protein interactions (207–209). Full-length EccA1 indeed has been shown to
form hexamers, although it has (relatively low) ATPase activity in vitro (207).
Furthermore, it was confirmed that oligomerization and ATPase activity is mediated by
the C-terminal domain. As expression of only the C-terminal domain results in a higher
ATPase activity compared to full-length EccA1, it is thought that the N-terminal domain
plays a regulatory role in this activity (207).
The role of EccA in secretion remains unclear. Early studies, showing that EccA1 is
essential for secretion of EsxA and EsxB in M. tuberculosis and M. marinum, suggested
that EccA proteins might play a role as a chaperone in the ESX secretion process (140,
210). Similarly, EccA5 was also found to be required for the secretion of ESX-5 substrates
in M. marinum (153, 211). However, other studies in M. tuberculosis, M. marinum and M.
smegmatis showed that EccA1 and EccA5 are dispensable for ESX-1 and ESX-5 mediated
secretion, respectively, suggesting that the involvement of this component varies between
different strains and/or growth conditions (127, 212). The latter notion is supported by the
recent finding that the importance of EccA1 for secretion of EsxA in M. marinum is
dependent on the growth condition (204). Although yeast-two-hybrid experiments
indicated that a peptide corresponding to the C-terminus of EsxB interacts to EccA1 (213),
this interaction could not be observed with full-length EsxB, nor does EccA1 affect the
conformation or solubility of EsxB (207). On the other hand, both yeast-two-hybrid assays
and in vivo protein pull-downs in M. marinum showed that EccA1 is able to interact with
EspC (188). This interaction can be blocked by the removal of the C-terminus of EspC,
which also blocks the secretion of EspC. However, EccA1 could not be shown to interact
with EsxA or EsxB in this same study. Although this could mean that EccA1 exclusively
interacts with the Esp proteins and targets them to the membrane-embedded secretion
machinery, the role of the EccA component in the other ESX systems that do not secrete
Esp substrates remains unknown.
ESX membrane components, complex formation & structure
The ESX-systems of mycobacteria contain five conserved membrane components, EccB,
EccC, EccD, EccE and MycP, which are expected to be involved in the transport of ESX
substrates across the cell envelope. All these components have been shown to be essential
for secretion for ESX-1 (132, 214, 215), ESX-3 (216) and ESX-5 (149, 153, 212, 217).
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EccD is the most hydrophobic of these five components, predicted to have up to 11 TMDs,
whereas the other components have only one or two TMDs and contain relatively large Nor C-terminal hydrophilic domains. EccD is postulated to be the core membrane pore of
the secretion machinery due to its hydrophobicity. The structure of the ~110 amino acid
N-terminal soluble domain of EccD1 has been solved and shows a ubiquitin-like fold with
a negatively charged groove, suggesting a role in the recruitment of other components of
the secretion complex or possibly as a gating element of the secretion channel (218). The
structure of the C-terminal soluble domain of EccB1 shows an elongated shape with a
hydrophobic core, suggesting a more structural role of this protein that likely forms a
hexamer (218, 219). In addition to this, the C-terminal domain of EccB1 was shown to
have ATPase activity in vitro, although it is uncertain whether this has functional
relevance as this domain is predicted to be located in the periplasm where ATP is absent
(219). There is no crystal structure available for EccE; however, it is predicted to have two
TMDs and a C-terminal soluble domain of unclear localization.
EccC is the most conserved of all T7S components, as it is the only component that is
also found in the type VIIb secretion systems in Firmicutes (see below) (220). EccC
contains three predicted functional domains, which all show homology to the family of
FtsK/SpoIIIE ATPases (221), named after the two best studied members, FtsK and
SpoIIIE (222), both mediating DNA transport. Another notable protein of this family is
the type IV coupling protein, involved in the recognition of substrates and protein transport
in type IV secretion systems (223). Just like the AAA+ ATPases, a major part of the
FtsK/SpoIIIE ATPases also forms ring-like hexamers. However, as EccC contains three
nucleotide binding domains (NBDs) opposed to one, it might have different structural
features.
Although EccC has been proposed to be the motor of the secretion complex, energizing
the translocation of substrates across the cell envelope, its function remains unclear. Of
the different EccC proteins, EccC1 has been most extensively investigated. In contrast to
other EccC proteins, which are encoded by a single gene, EccC1 has the unusual feature
that it is encoded by two genes, eccCa1 and eccCb1. However, both yeast two-hybrid
experiments and protein pull-downs showed that it most likely functions as a single unit
(132, 212, 224). EccCb1 has been shown by the Cox lab to interact with the C-terminus of
EsxB that contains the general secretion motif (188). This suggests that it could play a
similar role as the Type IV coupling protein in mediating substrate recognition and
subsequent transport. The same group subsequently solved the crystal structure of the
cytoplasmic domain of EccC from the Actinobacterium T. curvata (200). The structure
revealed that NBD2 and NBD3 were both bound to ATP, while NBD1 was in a nucleotidefree state, indicating a low ATPase activity of NBD2 and NBD3. They additionally
produced a co-crystal of a truncated version of EccC with a peptide representing the last
23 amino acids of the C-terminus of EsxB bound to NBD3. The ATPase activity of EccC,
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shown to be held in an auto-inhibited state of NBD1 by interactions with NBD2, could not
be induced by binding of the C-terminus of EsxB, suggesting that other substrates or
components are required for this (200). Interestingly, they did find that EsxB binding
resulted in the multimerization of EccC in both dimers and higher-order oligomers. From
these findings the authors proposed a working model, in which binding of multiple
substrates induces EccC multimerization and subsequent activation of NBD1. The
suggestion that NBD1 is the main domain responsible for energizing protein translocation
is supported by another study that found that ATP binding to NBD1 of EccC5 of M.
marinum is essential for secretion, while mutations in the ATP pocket of NBD2 and NBD3
only reduced secretion efficiency (149).
Evidence that the conserved membrane components form a large membrane-embedded
secretion complex was first provided for the ESX-5 system of both M. marinum and M.
bovis BCG (212). First, the five components with predicted TMDs were indeed shown to
be localized to the cell envelope, of which four, EccB5, EccC5, EccD5 and EccE5, were
shown to be part of a 1.5 MDa membrane-embedded complex, postulated to form the
ESX-5 membrane channel (Figure 1). Subsequent antibody pull-downs on EccB5
confirmed that these four proteins are the main constituents of this complex, with a notable
absence of the fifth membrane component MycP5. Finally, limited proteolytic digests
indicated that the N-terminal part of EccE5 and the middle and C-terminal part of EccC5
are the most exposed-domains of the complex. Additional studies by protein pull-downs
of Strep-tagged EccCb1 and EccC5 of M. marinum showed that the composition of the
ESX-1 complex is comparable to the ESX-5 complex, also forming a complex of
approximately 1.5 MDa (224). Mass-spectrometry analysis confirmed the presence of the
four Ecc components in both ESX complexes. Although MycP1 and MycP5 were present
in the ESX-1 and ESX-5 complexes, respectively, they were both below the set threshold
levels, indicating that the MycP proteins are not integral components of these assemblies.
More recently, the first image of a mycobacterial T7S system was published,
determined by negative stain single particle analysis (225). For this, the ESX-5 system of
the slightly thermophilic and slow-growing Mycobacterium xenopi was overproduced in
and purified from M. smegmatis, which naturally does not contain an ESX-5 system. The
overproduction in M. smegmatis resulted in a relatively stable and functional system with
a similar composition and size as the complexes that were previously isolated for M. bovis
BCG and M. marinum (212, 224). Furthermore, the reconstituted system in M. smegmatis
allowed the investigation of the minimal requirements for complex formation. This
showed that the ESX-5 complex assembles independent of the presence of ESX-5
substrates, opposed to the previously proposed mechanism of EsxB-dependent
multimerization of EccC (200).
The EM images of negatively stained purified complexes and subsequent 3D
reconstruction resulted in a 13 Å structure, revealing a six-fold symmetry and a size of 28
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(width) x 16 (height) nm, with a 5 nm wide central pore. Interestingly, based on previously
solved crystal structures of Esx and PE/PPE heterodimers, the central pore is wide enough
to allow the secretion of folded, dimeric ESX-substrates (201). The combination of the
observed symmetry with mass spectrometry-based stoichiometry determination suggests
that the four individual components are each present in 6 copies, resulting in a 24-subunit
complex with a mass of 1.8 MDa, opposed to the previously estimated 1.5 MDa (212,
224).
The raw EM images of single particles showed ‘beads-on-a-string’-like densities
extending from the main body of the complex. These extrusions have a similar shape as
previously shown for the cytosolic portion of EccC of T. curvata (200) and specific gold
labeling indeed confirmed them to be the EccC subunits. The seemingly random
orientation of these EccC extrusions suggests that they are flexible, which was also
observed by Small Angle X-ray (SAXS) analysis, resulting in their absence in averaged
complexes. Segmentation analysis in combination with the available crystal structure of
the soluble domain of EccB1 allowed for the fitting of EccB5 at the periplasmic side of the
complex, while gold-labeling showed that the C-terminal domain of EccE5 is also
periplasmic and located at the periphery of the complex (218, 225).
A distinct and interesting feature is the fact that the dimensions of the ESX-5 complex
dictates it can only span the inner membrane of mycobacteria, as it is not tall enough to
span both the inner and mycobacterial outer membrane (184). This is opposed to the
complexes of type I, II, III, IV and VI secretion systems in Gram-negative bacteria, which
span both the inner and outer membrane. It therefore remains unknown how T7S
substrates can cross the outer membrane of mycobacteria. However, several possibilities
have been proposed which will be discussed below.
The fifth membrane component, the mycosin protease or MycP, is not an integral part
of the core ESX secretion complex, as shown by protein pull-down analysis (212, 224,
225). However, they are highly conserved in T7S systems throughout the phylum of
Actinobacteria (4), indicating that they do play an important role within T7S. Mycosins
are subtilisin-like serine proteases, which were identified and indicated to be cell envelope
associated for M. tuberculosis already before T7S was discovered (226, 227). As mycosins
have a predicted N-terminal signal sequence and a C-terminal TMD, the protease domain
is most likely located in the periplasm.
Crystal structures of MycP1 from Mycobacterium thermoresistible and M. smegmatis
and a structure of MycP3 from M. smegmatis all show a similar, subtilisin-like alpha/beta
structure, consisting of a 7-stranded beta sheet surrounded by 8 alpha helices (228, 229).
The active site, consisting of an Aspartic acid, Histidine and Serine residue, is in the active
conformation in all mycosin structures (228). One interesting feature is the presence of an
atypical N-terminal extension. Subtilisins usually contain an N-terminal propeptide that
blocks the active site of the protease and is cleaved and degraded upon protein maturation
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(230). In contrast, the “propeptide” of mycosins does not block the active site of the
protease, but it is instead tightly wrapped around the protease domain. In vivo data
furthermore showed that the N-terminal domain remains attached to the protease without
blocking protease activity (228), while in vitro analysis showed that the N-terminal
extension is most likely involved in protein stability (231, 232). Additional unique features
of mycosins are the presence of three extended loops in the protease domain, surrounding
the active site and extending the active site pocket (228, 229). Finally, the substrate
binding grooves of MycP1 and MycP3 show significant differences to each other, both in
the surface hydrophobicity and the depth of interacting sites, which is also influenced by
differences in the three extended loops of the protease domain (228). These differences
are probably the basis for substrate specificity of the mycosins.
Although the catalytic site is conserved in mycosins, as is their predicted active
conformation, only one mycosin substrate has so far been identified: MycP1 has been
shown to process the ESX-1 substrate EspB near its C-terminus, both in vitro and in vivo,
in M. marinum and M. tuberculosis (214, 224, 228). Interestingly, the proteolytic inactive
mutant showed an increased secretion of ESX-1 substrates, indicating that although MycP1
is required for secretion, its proteolytic activity is not (214, 224). In line with this
observation, while MycP1 is crucial for intracellular growth and virulence, a proteolytic
inactive mutant of MycP1 resulted in only a slight attenuated phenotype in a mice infection
model (214). This disparity suggests that mycosins have an additional role in ESXsystems, besides being involved in the processing of substrates. This second role has been
identified to be in the stabilization of the core membrane-embedded ESX-secretion
complex, as in the absence of MycP its respective ESX-complex is highly unstable (224).
Furthermore, it was shown that although mycosins are not a stable component of the ESX
complex, they do loosely associate with it (Figure 1). It is currently unknown whether this
decreased stability is the only way that mycosins directly affect secretion; hopefully
additional interaction studies between the ESX-complex and MycP can shed more light
on this. Although proteolytic activity is not required for secretion, the decreased virulence
of an active site mutant of MycP1 could potentially be of interest for the development of
novel drugs that block protease activity (233).
Outer membrane translocation of substrates
As the EM structure of the isolated ESX-5 membrane complex indicates that this core
secretion channel only spans the inner membrane (225), the outer membrane channel in
T7S remains unknown. While these findings suggest that T7S is a two-step process in
mycobacteria, i.e. mediated by two separate membrane channels, one in the cytoplasmic
membrane and one in the mycobacterial outer membrane, a one-step mechanism for T7S,
i.e. a single membrane channel mediates protein export across the complete cell envelope,
is still possible, as outer membrane components could be lost during the complex
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purifications. However, the five conserved membrane components EccB, EccC, EccD,
EccE and MycP are most likely not involved in outer membrane translocation, as all these
components can also be widely found in T7S systems of Actinobacteria that lack mycolic
acids, the major constituent of the mycobacterial outer membrane. Therefore, in both
scenarios of a one-step or two-step mechanism, the proteins mediating outer membrane
translocation remain unknown. Notably, there is no conserved component within the
different esx clusters that could be involved in this second translocation step, with the
exception of the PE and PPE proteins, which are present in most ESX systems and have
only been found in Corynebacteriales.
The identification of outer membrane proteins involved in T7S secretion is
complicated by the fact that very little is known about mycobacterial outer membrane
proteins in general (234). In fact, for mycobacteria, only the outer membrane porin MspA
of M. smegmatis, which is not present in slow-growing species, has been properly
characterized and its crystal structure solved (12, 235). The 96 Å tall MspA porin is an
octamer, showing an eightfold rotational symmetry with a central pore (12). The
individual subunits contain a 134-amino acid domain, forming the bulk of the porin. This
globular domain consists of two four-stranded antiparallel beta sheets, connected by a 50residue loop at the base of the structure, forming two 16-stranded beta barrels. While four
highly homologous Msp porins, MspA, B, C and D, are critical for the sufficient uptake
of nutrients such as glucose and phosphate in M. smegmatis, no such porins are present in
M. tuberculosis. In M. tuberculosis, CpnT and SpmT are the best candidates for outer
membrane proteins, as they have been shown to be involved in nutrient and metabolite
uptake (236–240), and possibly form a channel or porin (241, 242). However, thus far the
structures of these channels remain unknown. Most attention has been given to the
identification of mycobacterial outer membrane proteins that form a beta-barrel, in
analogy of the Gram-negative bacteria. However, research on PorB, one of the porins
present in Corynebacterium glutamicum (243–245), shows a very different structure for
an outer membrane porin (14). The core of this protein consists of 70 residues, forming
four alpha helices connected by disulfide bridges, showing that mycolic acid embedded
proteins do not necessarily need to form beta-barrel-like structures.
None of the mycobacterial outer membrane proteins identified so far have been linked
to protein export; however, there are indications that specific ESX substrates may be
involved in the outer membrane translocation step. For ESX-1, there are currently two
substrates suggested to be involved in this second secretion step: EspB and EspC. Both
EspB and EspC have been shown to be required for secretion of EsxA/EsxB in pathogenic
mycobacteria (246, 247), whereas EspB is still secreted in the absence of EspA/EspC, or
when EsxA/EsxB is not secreted (188, 246).
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Figure 1: Model of the mycobacterial cell envelope and export systems.

Although the

mycobacterial cell envelope contains a traditional cytosolic (inner) membrane, the peptidoglycan
layer is covalently linked to an arabinogalactan layer consisting of arabinose and galactose, which
in turn is covalently linked to mycolic acids. These unusually long fatty acids (up to 90 carbon
atoms) are one of the main components of the outer membrane, which also contains noncovalently
bound (free) lipids. The final layer of the cell envelope is the capsule, mainly consisting of
polysaccharides and proteins. The cell envelope is highly impermeable and unique to other Gram-
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positive bacteria. To export proteins into and across the cell envelope, mycobacteria have four
different systems, Sec, SecA2, Tat and Type VII secretion (T7S). The Sec pathway exports unfolded
proteins across the inner membrane, the substrates bind to an ATPase, SecA1, which targets the
substrates to the translocation channel consisting of SecYEG and provides energy for translocation.
Additional membrane components SecD, SecF and YajC increase the efficiency of export. Upon
translocation across the inner membrane, the N-terminal signal peptide (depicted in gray) is removed
by a signal peptidase (SP). Less is known about the SecA2 pathway. Substrates are dependent on
the ATPase SecA2; however, studies show that they also utilize the SecYEG channel and possibly
SecA1, as well. The list of SecA2-dependent exported proteins includes examples with and without
a signal peptide. The third export system, the Tat pathway, exports folded proteins. The Tat
substrates, containing an N-terminal signal peptide, with a pair of arginine residues, is targeted to
the membrane components TatBC, which then recruits homo-oligomers of TatA for subsequent
transportation across the membrane. Similar to Sec, the signal peptide is removed by a signal
peptidase (SP). The T7S system consists of five conserved membrane components, of which
EccBCDE form the secretion complex. EccC is the ATPase, providing the required energy for the
secretion process. Although the mycosin protease (MycP) is not an integral component of the
secretion complex, it associates with the complex and is essential for successful secretion. The
substrates (Esx and PE/PPE) are secreted as heterodimers and are targeted to the secretion complex
by a conserved secretion signal that includes a YxxxD/E motif (depicted in red), whereas the
cytosolic chaperone EspG is required for directing the PE/PPE pairs to their specific T7S. The role
of the second conserved cytosolic component EccA remains uncertain. It is currently unknown how
Sec, SecA2, Tat and T7S substrates are secreted across the outer membrane into the capsular layer
or culture supernatant. IM, inner membrane; PG, peptidoglycan layer; AG, arabinogalactan layer;
MA, mycolic acids; NL, noncovalently bound lipids; OM, outer membrane.

As already mentioned, EspB has the specific feature that it forms a PE/PPE-like fold
by itself and is therefore probably secreted as a monomer (194, 248). Interestingly, this
substrate has been shown to multimerize upon secretion and to form heptameric tubularshaped particles after overexpression in E. coli, as visualized by negative stain EM (248).
Modeling the solved crystal structure of monomeric EspB without the C-terminal portion
that is cleaved off by MycP1 results in an arrangement where the hydrophobic helical tips
of EspB are tightly packed, possibly allowing membrane-embedding activity. This has led
to the hypothesis that EspB might be within the (outer) membrane and involved in the
secretion of ESX substrates. The cleaved off C-terminal fragment of EspB was shown to
be dispensable for the formation of these ring-shaped oligomers. By direct comparison of
structures with and without this region, the C-terminus was visualized as an appendage
protruding from the top of the ring (248). A model was subsequently proposed, in which
the C-terminal cleavage of EspB by MycP1 has a regulatory function for passage through

33

1
2
3
4
5
6
&

Chapter 1

this potential channel, which could help to explain the increased secretion of ESX-1
substrates in an active site mutant of mycP1 (214, 224).
EspC is the second ESX-1 substrate proposed to be involved in the outer membrane
translocation. EspC, which is secreted as a heterodimer together with EspA, has been
shown to localize to the cell surface of M. tuberculosis and forms filamentous structures
when overproduced in E. coli (192). Based on these findings EspC was postulated to form
filaments that have an analogous role to the type III injectisome needle proteins, mediating
contact-dependent phagosomal lysis (142, 249). However, while EspC is required for the
secretion of EsxA and EsxB in M. tuberculosis (188), EspC is absent in M. smegmatis,
while this species does secrete EsxA/EsxB. Possibly another unknown protein could
replace the function of EspC in M. smegmatis.
It still needs to be seen whether EspB and/or EspC are involved in the outer membrane
translocation step within T7S. In any case, this would only provide a model for the
secretion of ESX-1 proteins, as EspB is not required for secretion of ESX-5 substrates
(250). This would suggest that each ESX-system has its own specific outer membrane
components. The only current hypothesis for the outer membrane channels of ESX-3 and
ESX-5 is that this role is performed by members of the PE/PPE families. This hypothesis
is supported by their localization to the cell envelope and the notion that they are not
widely found outside mycolic acid containing species.

Role of mycobacterial ESX systems in conjugation and cell physiology
While the mycobacterial ESX systems are known to play critical roles in virulence, e.g. in
immune modulation (ESX-3 and ESX-5) or phagosomal escape (ESX-1), more recently
several crucial roles in cell physiology and nutrient uptake have been additionally found
and described. Here we will discuss several of those roles and the involved ESX-systems
(Figure 2).
One of the first non-virulent roles attributed to an ESX-system was the role of the ESX1 system in horizontal gene transfer in M. smegmatis (143). The DNA transfer is
unidirectional, chromosomally-encoded and allows for the transfer of large genomic
fragments. This form of conjugation is called distributive conjugal transfer and has so far
not been described for other mycobacteria, including M. tuberculosis (159). An interesting
observation is that, while recipient strains are dependent on the ESX-1 system for DNA
uptake (143), esx-1 mutants in the donor strains are hyper-conjugative (251). In addition
to the ESX-1 system, the ESX-4 system is also required for receiving DNA by the
recipient, as a deletion of eccC4 or eccD4 blocked conjugation (159). The presence of ESX4 was only required for the recipient strain, as the same genes could be deleted in the donor
strain without affecting DNA transfer. A more recent study showed that SigM, the
regulator of ESX-4, is highly upregulated in the recipient when in contact with a donor
cell, suggesting that ESX-4 is specifically induced upon cell-cell contact (160). The exact
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role of ESX-1 and ESX-4 in conjugation by M. smegmatis remains unclear. The fact that
conjugation takes place in a contact-dependent manner (159) might indicate that putative
surface localized ESX-1 and ESX-4 substrates might be required for initial donor-acceptor
engagement and/or communication.
More recently, a conjugative plasmid has been described for M. marinum, the pRAW
plasmid (161). This plasmid not only contains an esx gene cluster, designated esx-P1, but
also genes predicted to encode type IV secretion-like proteins, known to be involved in
DNA conjugation in Gram-negative and Gram-positive bacteria (161, 252, 253). The
pRAW plasmid could be transferred very efficiently, but only between different slowgrowing species, whereas no transfer was observed to fast-growing mycobacteria, such as
M. smegmatis (161). Conjugation of the pRAW plasmid was shown to depend on the
presence of an intact esx-P1 cluster and on the type IV-like genes (161). Interestingly,
since then similar esx gene cluster-containing plasmids have been found in various nontuberculous mycobacteria, both pathogenic and non-pathogenic (161, 254, 255). The wide
distribution of these esx-containing plasmids has been linked to a possible role of plasmids
in the evolution and distribution of esx gene clusters within mycobacteria (162, 256). As
ESX-P1 is most closely related to the ESX-5 system, pRAW-like plasmids might have
been involved in the acquiring of the ESX-5 system in slow-growing mycobacteria.
DNA exchange and/or cell to cell contact is not the only function assigned to ESX
systems. Another critical role of these systems is in the uptake of nutrients. In fact, both
the ESX-3 and ESX-5 system are involved in this, explaining why these systems are
required for bacterial viability in slow-growing species (149, 155, 217, 257). The ESX-3
system is transcriptionally controlled by the iron-dependent transcriptional repressor
(IdeR) and in M. tuberculosis additionally by the zinc uptake repressor (Zur), indicating
that the ESX-3 system is linked to the uptake of metal ions (258, 259). Indeed, the ESX-3
system is upregulated at low iron levels (145, 257, 260) and more recent work confirmed
that the ESX-3 system is actively involved in the uptake of iron and in the case of M.
tuberculosis also of zinc (144). The ESX-3 system was additionally shown to be essential
for growth of M. tuberculosis, not only at low-iron or zinc conditions, but also required
for optimal growth at high iron and zinc concentrations (144). For M. tuberculosis, six
substrates of the ESX-3 system have been identified: EsxG/EsxH, PE5/PPE4 and
PE15/PPE20. Interestingly, only EsxG/EsxH and PE5/PPE4 appear to be involved in iron
uptake, while PE15/PPE20 is involved in immune modulation (147). In contrast to M.
tuberculosis, the deletion of the ESX-3 system of M. smegmatis only affected bacterial
growth when fxbA was also deleted. FxbA is an enzyme required for the biosynthesis of
the high affinity iron chelator or siderophore exochelin, that is not produced by M.
tuberculosis (144, 145, 216). Importantly, also the production of a second siderophore,
mycobactin, only affected growth in this fxbA mutant, linking the function of ESX-3 to
iron uptake through mycobactin (147). Later it was shown that the addition of hemin
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rescues the growth of an esx-3 mutant in M. tuberculosis (144), supporting the hypothesis
that ESX-3 is involved in iron uptake (145).

Figure 2: Roles of ESX systems in DNA transfer (A), cell physiology and nutrient uptake (B).
The pRAW plasmid-encoded ESX-P1 system, present in certain strains of M. marinum, is involved
in DNA conjugation (A), allowing the transfer of the plasmid to other slow-growing mycobacteria
(161). Similar plasmids are found in other mycobacteria and they have been linked to the evolution
and distribution of esx gene clusters within mycobacteria (162, 256). In addition to this, the ESX-1
and ESX-4 system of M. smegmatis are involved in distributive conjugal transfer, allowing the
horizontal gene transfer of random large genomic fragments (A) (143, 159). A second major role of
the ESX-systems is in cell physiology (B). While the ESX-1 system has been linked to the integrity
of the cell envelope and the biosynthesis of mycolic acids (196, 210, 264), the ESX-3 and ESX-5
system are involved in the uptake of metabolites and nutrients, respectively. The ESX-3 system and
two of its substrate pairs (EsxG/EsxH and PE5/PPE4) have been specifically linked to the uptake of
iron and zinc (144, 145, 147), while the ESX-5 system has been linked to the utilization of fatty
acids and possibly other nutrients (149) Finally, the ESX-5 system secretes a substrate (PPE10) that
is required for the integrity of the capsular layer (199). IM, inner membrane; OM, outer membrane.
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Both directed knockout experiments and Tn-seq experiments have shown that the
central components of the ESX-5 system are required for growth of M. marinum and M.
tuberculosis (149, 217). Using a modified screen, transposon mutants could be identified
that allowed the deletion of ESX-5 (149). These mutants contained a transposon in either
the mas or ppsD gene, both involved in the synthesis of the PDIMs and PGLs. The absence
of these outer membrane lipids results in a more permeable cell envelope (149). To test
whether a more permeable outer membrane was responsible for the observed difference
in esx-5 essentiality, an independent mechanism was devised. Indeed, heterologous
expression of the outer membrane porin MspA from M. smegmatis in M. marinum, also
allowed the generation of esx-5 mutants (149). As the ESX-5 system is only present in
slow-growing mycobacteria, while MspA-like outer membrane porins are only present in
fast-growing species, it was proposed that the ESX-5 system is able to substitute the
function of these porins in nutrient uptake (149). Growth assays utilizing different carbon
sources showed a difference in the growth rate of wild type M. marinum as compared to
an esx-5 mutant for Tween-80, suggesting that the ESX-5 system is involved in the
utilization of fatty acids (149). ESX-5 mutants were subsequently shown to be unable to
internalize fluorescently labeled fatty acids (149). In addition to its role in uptake, the
ESX-5 system could additionally be involved in the processing of Tween-80, releasing the
oleic acid, as one of its substrates, LipY, degrades long-chain triacylglycerols (261). The
role of the ESX-5 system in nutrient uptake is further substantiated by its upregulation
under phosphate-limiting conditions by the Pst-SenX3-RegX3 system (262). This would
also mean that specific ESX-3 and ESX-5 substrates might form the outer membrane
channels that mediate the uptake of specific nutrients.
The ESX-5 system has a second physiological role, as it is required for the integrity of
the capsule of M. marinum via its substrate PPE10 (199). Mutations in the esx-5 system
components or in ppe10 resulted in a reduced capsular layer and subsequently reduced
amounts of glycolipids and surface-localized proteins, such as EspE and PE_PGRS
proteins (199). As a result of these morphological differences, a ppe10 mutant showed a
reduced hemolytic activity and reduced ubiquitin-binding during infection of host cells,
indicative of phagosomal rupture and cytosolic translocation, respectively, as read-outs
for ESX-1 functionality (199). A study also found a link between the ESX-1 system and
cell envelope integrity, as esx-1 mutants in M. tuberculosis have been shown to have an
increased susceptibility to detergents (196), although another study showed that ESX-1
mutations did not impact cell envelope integrity (263). Finally, studies in M. marinum
have suggested a link between the ESX-1 system and mycolic acid biosynthesis (210,
264). In addition to these physiological roles, substrates of ESX-5, mainly the PE_PGRS
proteins, have been implicated in host-pathogen interactions by various groups, although
some of these results are still ambiguous (265).
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T7S in other species
As already mentioned, T7S is also found outside of the mycobacterial family, not only
throughout the phylum of Actinobacteria, including corynebacteria, nocardia and
Streptomyces species, but also more distantly related systems can be found in Firmicutes.
The T7S systems found in Actinobacteria are highly similar to the ESX systems of
mycobacteria, all containing an Esx protein pair and four of the five conserved membrane
components, EccB, EccC, EccD and MycP; the membrane component EccE is only
present in some T7S systems. In many cases also pe/ppe gene pairs can be identified (4).
Interestingly, although EccE has been shown to be an integral component of both the ESX1 and ESX-5 membrane complex, the structure of the ESX-5 complex of M. xenopi
showed that EccE5 is present at the periphery of this complex and in the absence of EccE5
complexes could still successfully be purified (225). This makes it reasonable that
secretion complexes can be functional without the EccE component in some T7S systems
of Actinobacteria. The strong conservation of MycP is also rather unexpected, as MycP is
not an integral component of the core secretion complex in mycobacterial ESX systems
of (212, 224, 225). However, as MycP is required for a stable ESX complex and successful
secretion in mycobacteria (214, 224), it is possible that this is a conserved feature in all
Actinobacteria. In addition to this, the association of MycP to the core complex might be
stronger in the T7S systems of other Actinobacteria. This hypothesis is supported by the
T7S gene cluster found in Bifidobacterium dentium, where there are two mycP copies, of
which one is in fact part of a chimeric gene together with a complete homologue of eccB.
This gene potentially produces a chimeric protein, in which the periplasmic domain of
EccB is fused to the protease domain of MycP (4).
Within the Actinobacteria, T7S is not limited to species containing mycolic acids, i.e.
to species with a diderm cell envelope, as it is also present for instance in Streptomyces
species such as S. coelicolor. These mycolic acid lacking bacteria can also contain the five
conserved membrane components (164), supporting the model of the ESX membrane
complex mediating secretion across the inner membrane only (225). Consequently,
components, or substrates, that mediate secretion across the mycobacterial outer
membrane should not be present in these monoderm species.
The T7S systems found in Firmicutes show a lower similarity to the ESX systems of
mycobacteria. In fact, only the FtsK/SpoIIIE ATPase and (potential) substrates belonging
to the WXG100 protein family are conserved (128, 129, 166). In addition to these
conserved features, the Firmicute systems contain a set of unique genes, either encoding
for substrates or system-specific (functional) components. The T7S systems within
different Firmicutes species also show relatively high variation amongst each other, both
in substrates as in (predicted) structural components.
While functional systems have been confirmed for L. monocytogenes, Streptococcus
agalactiae, S. intermedius, Bacillus anthracis and B. subtilis (166, 220, 266–269), most
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information on T7S in Firmicutes has been obtained for the T7S system of S. aureus, also
called Ess (ESAT-6 secretion system) (220). The Ess system contains five structural
components, conserved throughout different S. aureus strains (270), i.e. EssA, EssB,
EssC, EsaA (Esa, ESAT-6 secretion accessory) and EsaB. Whereas EsaB is cytoplasmic,
the other four components are membrane proteins (270), with EssC being the conserved
FtsK/SpoIIIE ATPase. Interestingly, the C-terminal ATPase domain of EssC shows four
different variants within different S. aureus strains that cluster with genes encoding
different potential substrates. It was recently shown that this domain is indeed involved in
specific substrate recognition (270, 271). The role of EsaB is uncertain, as it is not required
for Ess secretion in all S. aureus strains. An interesting feature of EsaB is the ubiquitinlike fold of, resembling the soluble domain of EccD of mycobacteria (218, 272, 273).
However, it is unknown how and if these proteins share a comparable function.
Recently, several papers have been published describing the first structural data on the
Ess secretion complex. Whereas one study only found homo-oligomers of EsaA, EssB and
EssC (274), other studies showed a complex consisting of EssC, EsaA, EssB and EssA
(275, 276). It is possible that both the heteromeric and homo-oligomeric complexes are
present in S. aureus, as Ess secretion in S. aureus is highly variable both in different strains
and at different growth phases (272). In addition, a flotillin-like protein has been found to
catalyze the heteromeric oligomerization of the Ess complex (275). This opens the
possibility that scaffold proteins are involved in complex assembly upon their specific
upregulation during e.g. different growth phases or during infection (272, 277). Based on
these three studies, the Ess complex seems less stable than the ESX-complexes found in
mycobacteria, as for instance shown by the strong effect of different mild detergents on
the oligomerization state (274). This considerably complicates the isolation and
characterization of the Ess secretion complex.
The Ess system of S. aureus contains two proteins of the WXG100 family, EsxA and
EsxB, which are, unlike the homologous proteins in mycobacteria, not produced from
bicistronic transcripts and not co-secreted as a heterodimer (278). Interestingly, EsxA is
reported to either self-interact or interact with the substrate EsxC and EsxB with EsxD
(279, 280). All four of these secreted proteins have been linked to the pathogenicity of S.
aureus (272, 273, 279). Inactivation of the Ess system results in a less persistent infection
and reduced bacterial survival (220, 272, 273); more specifically, Ess mediated secretion
of EsxA and EsxB is required for the formation of staphylococcal abscesses and the
blocking of apoptosis, indicating a role in intracellular survival (220, 273, 281, 282).
Unlike the ESX-3 and ESX-5 system of mycobacteria that are required for bacterial
viability, the Ess system of S. aureus is dispensable for in vitro growth (220, 273).
The B. subtilis T7S system (also known in literature as the YukE/Yue system)
resembles the Ess system of S. aureus. The notable difference is that it only seems to
secrete a single substrate, the WXG100 protein YukE, which forms a homodimer (167,
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283, 284). Similar to the Ess system, the YukE/Yue system also contains five functional
components, the membrane proteins YukC, YukBA, YueB and YueC, and the cytoplasmic
YukD, the latter resembling EsaB of S. aureus (167, 283, 285). YukBA is the
FtsK/SpoIIIE ATPase of the system. A yueB mutant shows reduced conjugative DNA
transfer, similar to the ESX-1 system M. smegmatis (286). WXG100 genes have also been
found in the pathogenic strains Bacillus cereus, Bacillus thuringiensis and Bacillus
anthracis and at least several of their protein products are actively secreted (167, 267,
283). For example, B. anthracis contains six WXG100 genes, of which the gene products
EsxB and EsxW are secreted during in vitro growth, while the other genes might only be
expressed during infection (267).
One distinguishing feature of the T7S systems of Firmicutes, compared to the ESX
systems of mycobacteria, is their involvement in bacterial competition by mediating the
secretion of toxins. This intriguingly shows that Firmicutes use T7S systems in bacterial
warfare similarly as Gram-negative bacteria use type VI secretion systems. For example,
S. aureus secretes a fifth substrate, EsaD, functions as an antibacterial DNase (287). The
toxic effects of EsaD are blocked by EsaG, an antitoxin produced also by S. aureus strains
lacking EsaD (287). A T7S system in S. intermedius secretes so-called LXG proteins, with
N-termini homologous to WXG100 proteins, that function as antibacterial toxins in a
contact-dependent manner (266). LXG toxins with RNase activity have also been found
in B. subtilis (288), shown to have antibacterial properties when produced in E. coli.
Although they contain a typical N-terminal WXG100 motif, it is not known whether these
proteins are dependent on the YukE/Yue system for secretion (288). A genomic study
found that predicted T7S substrate genes with putative toxin activities are present in a
range of different species, indicating that T7S systems might be widely used by Firmicutes
in bacterial competition (289).

Outlook
In the last 15 years, considerable effort has been made to understand the different export
pathways of mycobacteria. A major focus of research in this area has been the
identification of substrates of the different systems and their roles in mycobacterial
physiology and virulence. In parallel, we are steadily obtaining insight into the
components of these systems and their mechanisms of substrate recognition and transport.
However, a major topic that needs to be addressed is the issue of how proteins transit the
specific mycolic acid containing second membrane for release into the extracellular
environment. While T7S substrates are among the most abundant proteins found in culture
supernatants, there are also signal peptide-containing proteins that are efficiently secreted
into the extracellular environment (17, 18, 63, 120, 290–292), emphasizing the importance
of an outer membrane translocation step. Protein transport across this highly impermeable
outer membrane should be tightly regulated to maintain the permeability barrier, as this is
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crucial for pathogenic mycobacteria to withstand the harsh condition of their intracellular
niche. As discussed in this chapter, for T7S, some specific substrates might be involved
in the second membrane transport event; however, the mechanism of outer membrane
transport for the Sec, Tat and SecA2 substrates is a complete mystery. Research focused
on identifying and characterizing the proteins that are localized to this special
mycobacterial outer membrane is urgently needed to gain insight into these processes.

Scope of this thesis
The goal of this thesis was to obtain a better understanding of the mycosin proteases
(MycP) of the Type VII secretion systems (T7S) of pathogenic mycobacteria. More
specifically, we set out to determine the role of these proteases in T7S and how this process
is mediated. In chapter 2, we started this study by deleting the mycosins of both the ESX1 and ESX-5 system of Mycobacterium marinum. We found that both mycP1 and mycP5
were essential for the functionality of their respective ESX-system, resulting in a complete
loss of secretion by these systems in the absence of MycP. Subsequently, as mycosins are
proteases with a conserved active site, we tried to complement the function of MycP1 and
MycP5 with proteolytic inactive mutants. Unexpectedly, this completely restored ESX-1
and ESX-5 secretion, respectively. This showed that the essential function of mycosins in
T7S is not dependent on its proteolytic activity. Instead, we discovered that mycosins
stabilize their respective ESX complex by a loose association and that this process is
indeed independent on the proteolytic activity of either MycP1 or MycP5.
In chapter 3, we created a chimeric construct of EccB5 and MycP5, based on a similar
chimeric gene in the T7S gene cluster of Bifidobacterium dentium. We found that this
chimeric gene resulted in a stable and functional fusion protein, that was able to restore
ESX-5 secretion of both an eccB5 and mycP5 knockout in M. marinum. To allow the further
biochemical and structural characterization of the fusion protein, we also replaced eccB5
and mycP5 of the ESX-5 region of Mycobacterium xenopi, reconstituted in Mycobacterium
smegmatis, with a chimeric fusion of these genes. We found that the resulting fusion
protein was stable and resulted in a functional ESX-5 system. In addition to this we found
that the fusion protein of EccB5 and MycP5 was successfully incorporated in a stable ESX5 complex. Together these results show that MycP5 performs its essential function in close
proximity to EccB5, indicating that EccB5 is the direct interaction partner of MycP5 within
the ESX-5 complex.
In chapter 4, we identified the domains that are involved in the essential function of
mycosins. By introducing hybrid constructs of mycP1 and mycP5 in the previously
characterized mycosin knockout strains, we found that both the protease and C-terminal
transmembrane domain of mycosins are ESX-system specific. In contrast to this, the
putative propeptide or N-terminal extension is exchangeable between the mycosins of the
ESX-1 and ESX-5 system and is in fact only required for the structural integrity of MycP.
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We attempted to further dissect the protease domain and found that the extended loops 1
and 2 of the protease domain are most likely involved in MycP stability, whereas loop 3
and the MycP5 specific loop 5 are completely dispensable for both stability and
functionality. In addition to this we found that the protease domain of MycPP1, the mycosin
of the esx-P1 locus on the pRAW plasmid, is functionally redundant to the protease
domain of MycP5. Combined these results provide a starting point to identify the regions
of MycP that are involved in the interaction with and the stabilization of their respective
ESX complex.
In chapter 5, we developed a high throughput screen to identify compounds that
inhibited the proteolytic activity of MycP1, and potentially the other mycosins. Although
we were unable to identify compounds that successfully inhibited the C-terminal cleavage
of EspB by MycP1, the experimental setup was successful and can be used for future
compound screens. In addition to this we were able to produce stable and soluble MycP5
from Escherichia coli, allowing us to perform an initial proteolytic characterization of
MycP5.
In chapter 6 we summarize and discuss the work of this thesis.
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Abstract
Pathogenic mycobacteria contain up to five type VII secretion (T7S) systems, ESX-1 to
ESX-5. One of the conserved T7S components is the serine protease mycosin (MycP).
Strikingly, whereas MycP is essential for secretion, protease activity of MycP1 in M.
tuberculosis has been shown to be dispensable for secretion. The essential role of MycP
therefore remains unclear. Here we show that both MycP1 and MycP5 of M. marinum
have similar phenotypes, confirming that MycP has a second unknown function that is
essential for its respective T7S system. To investigate whether this role is related to
proper functioning of the T7S membrane complex, we first analyzed the composition of
the ESX-1 membrane complex and showed that this complex consists of EccBCDE1,
similarly as was previously shown for ESX-5. Surprisingly, while mycosins are not an
integral part of these purified core complexes, we noticed that the stability of both the
ESX-1 and ESX-5 complex is compromised in the absence of their MycP subunit.
Additional interaction studies showed that, although mycosins are not part of the central
ESX membrane complex, they loosely associate with this complex. We hypothesize that
this MycP association with the core membrane complex is crucial for the integrity and
functioning of the T7S machinery.
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Introduction
Pathogenic mycobacteria such as Mycobacterium tuberculosis and Mycobacterium leprae
remain notorious human pathogens. Important virulence factors of pathogenic
mycobacteria are the type VII secretion (T7S) systems and their substrates, which are
required for the completion of the macrophage infection cycle and the uptake of nutrients
and metabolites across its exceptionally hydrophobic and impermeable cell envelope (1–
4). Pathogenic mycobacteria have up to five of these systems, called ESX-1 to ESX-5, of
which ESX-1, ESX-3 and ESX-5 have been shown to be essential for virulence or bacterial
viability (1,5,6).
ESX-1 is pivotal for the virulence of pathogenic mycobacteria, with ESX-1 substrates
being linked to phagosomal escape by destabilizing the phagosomal membrane of
macrophages (1,7). The importance of the ESX-1 system for virulence is also shown by
the absence of part of the esx-1 genomic locus in the vaccine strain Mycobacterium bovis
BCG (8–10). This deletion is the major determinant for the attenuation of this strain. Also
in the fish pathogen Mycobacterium marinum, a close relative of M. tuberculosis, ESX-1
has been shown to mediate phagosomal escape and deletion of the esx-1 region leads to a
strong attenuation in zebrafish (11,12). The most recently evolved mycobacterial T7S
system, ESX-5, is only present in the cluster of slow-growing mycobacteria. Interestingly,
this cluster contains most pathogenic species. ESX-5 is responsible for the secretion of
many proteins of the so-called proline-glutamic acid (PE) and proline-proline-glutamic
acid (PPE) families, and is linked to host immune modulation. In addition, ESX-5 has
been shown to be essential for in vitro growth of M. marinum and M. bovis BCG by
permeating the outer membrane to allow nutrient uptake (4,13–15).
The ESX systems of mycobacteria share a set of conserved components (16,17), five
of which have one or more predicted transmembrane domains and are cell envelope
localized (2). Four of these membrane proteins of the ESX-5 system, i.e. EccB5 to EccE5,
form together a large membrane complex of 1.5 MDa (2,17,18). Although crystal
structures of the soluble domains of the individual components EccB, EccC and EccD
have been published (19,20), there is currently no structural data of this complete
membrane complex. Furthermore, the biochemical composition of this complex has only
been elucidated for the ESX-5 system, whereas the composition and size of the other ESX
complexes remain unknown.
The fifth conserved component with a predicted transmembrane domain is the
subtilisin-like protease mycosin (MycP), which is amongst the most conserved T7S
components (21). Although previous pull-down experiments indicated that MycP is not
part of the core ESX membrane complex, MycP3 and MycP5 have been shown to be
essential for mycobacterial viability and MycP1 and MycP5 are essential for ESX-1 and
ESX-5 associated secretion, respectively (4,22,23). This indicates that each MycP is
essential for and functions specifically within its respective ESX system. The crystal
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structures of the protease domains of MycP1 and MycP3 show a highly conserved overall
subtilisin-like structure with differences in the substrate binding groove, indicating
different substrate specificities (24,25).
Surprisingly, thus far only one substrate is known for any of the mycosins; the ESX-1
substrate EspB. This protein is processed by MycP1 in vitro and upon secretion by M.
tuberculosis (22). Importantly, proteolytic activity of MycP1 is however not essential for
ESX-1 associated secretion; a catalytically inactive MycP1 mutant of M. tuberculosis even
showed increased secretion of ESX-1 substrates (22). Therefore, the essential function of
mycosins in secretion remains unknown. The catalytically inactive MycP1 mutant of M.
tuberculosis additionally showed decreased virulence in mice, but it is still unknown
whether this is a direct effect of the deficiency in EspB processing or due to the observed
increased secretion of ESX-1 substrates in this mutant. Together, these observations
suggest a dual role of MycP within T7S, with MycP1 being essential for ESX-1 secretion,
whereas proteolytic activity of MycP1 is not essential for this function.
To further elucidate the dual function of mycosin proteases we investigated MycP1 and
MycP5 functioning in M. marinum. We show that, similar as for the ESX-1 system in M.
tuberculosis, ESX-1 and ESX-5-mediated secretion is independent on (predicted)
proteolytic activity of their respective mycosins. However, we show that both the ESX-1
and ESX-5 membrane complexes are not stable in the absence of MycP1 and MycP5,
respectively, providing an explanation why mycosins are essential components in T7S.

Results
MycP1 is essential for ESX-1 dependent secretion in M. marinum, while its protease
activity is not
To confirm the dual role of MycP1 in another species (22), we first deleted the mycP1 gene
of M. marinum via allelic exchange and confirmed that the gene was successfully deleted
via PCR analysis (unpublished observation). As expected, this knock-out mutant was no
longer capable to secrete the ESX-1 substrates EsxA, EsxB and EspB. All examined
substrates were still detected in the pellet fractions (Figure 1A). The ESX-1 substrate EspE
was also no longer extractable from intact cells by the mild detergent Genapol X-080
(Figure 1B), indicating that it was no longer present on the cell surface. ESX-1 dependent
secretion was fully complemented by the introduction of the wild-type gene (P1, Figure
1A and 1B). To assess the role of the protease activity of MycP1 in secretion, we also
complemented the ΔmycP1 mutant with a proteolytically inactive version, mycP1::S354A
(P1SA). In agreement with a previous study (22), expression of proteolytic inactive MycP1
resulted in an increased secretion of EsxA and EsxB (Figure 1A). We also observed an
increase in the amount of surface localized EspE (Figure 1B). Whereas the wild-type strain
showed efficient processing of EspB, mainly full-length EspB was detected in the
supernatant of the S354A mutant (Figure 1A), which is consistent with the effect observed
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for the MycP1 active site mutant of M. tuberculosis (22). There was no increase in the
ESX-5 dependent secretion of proteins of the PE_subfamily with polymorphic GC-rich
repetitive sequences (PE_PGRS), showing that proteins are not in general more efficiently
secreted by the MycP1 proteolytically inactive mutant.

Figure 1 - MycP1 is essential for ESX-1-dependent secretion in M. marinum, while proteolytic
inactive MycP1 shows increased ESX-1 activity. (A) Immunoblot analysis of cell pellets and
supernatants of wild-type (WT) M. marinum and the mycP1 deletion strain complemented with a
WT mycP1 (P1) gene, a mycP1 gene containing an active site mutation (P1SA) and a mycP1 gene
with a bulky residue in the substrate pocket (P1Bulky). Proteins were visualized with anti-EsxA,
anti-CFP-10 and anti-EspB (ESX-1 substrates). As a control, blots were incubated with antibodies
directed against the ESX-5 secreted PE_PGRS proteins and the cytosolic GroEL2 protein. (B)
Immunoblot detection of cellular (Genapol pellet) and surface localized (Genapol supernatant)
proteins of M. marinum WT strain and various mycP1 mutants. Surface localized proteins were
extracted with Genapol X-080 and stained for the ESX-1 substrate EspE. (C) SDS-PAGE of an in
vitro cleavage assay of EspBmtub by WT MycP1mth (P1), the active site mutant (P1SA) and the
bulky mutant (P1Bulky). EspB was visualized by Coomassie staining and MycP1 was analyzed
with immunoblotting and stained with anti-His. (D) Hemolysis detection of erythrocytes by M.
marinum WT strain and various mycP1 mutants. Hemolysis was quantified by the OD550
absorption of the released hemoglobin. Statistically significant differences between strains was
determined with a one-way ANOVA, n=6 per strain. *, P ≤ 0.05; ***, P ≤ 0.001.

69

1
2
3
4
5
6
&

Chapter 2

The secretion of ESX-1 substrates has been shown to be essential for contactdependent lysis of erythrocytes by M. marinum, which serves as a model for the ESX-1
dependent lysis of phagosomal membranes and thus mycobacterial virulence (11). We
confirmed that our wild-type M. marinum strain was capable of lysing erythrocytes,
whereas the ΔmycP1 mutant showed no hemolytic activity (Figure 1D). We could restore
this lysing capability by complementing the mutant with both wild-type mycP1 and the
proteolytically inactive mycP1 mutant (mycP1SA, Figure 1D). The latter complementation
resulted in a significantly increased hemolysis activity as compared to wild-type cells,
which is in line with the increased secretion of ESX-1 substrates in this mutant. Together,
these data show that, in the presence of a proteolytically inactive MycP1 variant, the ESX1 system is more active. Finally, we created a version of MycP1 where the access to the
active site is partially blocked by placing a bulky amino acid, i.e. a tyrosine, at different
positions in the substrate binding groove. We first analyzed the effect of these mutations
on the ability of MycP1 of Mycobacterium thermoresistibile (MycP1mth) to cleave its
substrate EspB in vitro (25). Introducing a tyrosine at position 239, generating
mycP1mth::N239Y, completely blocked protease activity (Figure 1C). Next, we investigated
the effect of the mycP1mth::N239Y mutation (N259Y in M. marinum) on secretion and
hemolysis by M. marinum. The bulky mutant (P1Bulky) showed a similar phenotype as
the active site mutant (Figure 1A, 1B and 1D), with the bacteria still capable of
oversecreting ESX-1 substrates and a more efficient lysis of erythrocytes. This indicates
that besides protease activity also substrate binding to MycP1 is not essential for secretion.
MycP5 shows a similar phenotype to MycP1
Ates et al. (4) previously showed that a mycP5 transposon mutant in M. marinum is no
longer able to secrete the ESX-5 substrate group of PE_PGRS proteins. In this study, we
confirmed this secretion defect for a M. marinum mycP5 knock-out strain (Figure 2A, 2B
and 2C), which could be restored by complementation with wild-type mycP5 (P5, Figure
2A, 2B and 2C). Similar to the phenotype of MycP1, complementation of the mycP5 knockout strain with the predicted proteolytically inactive mutant mycP5::S461A (P5SA) or the
bulky mutant mycP5::D362Y (P5Bulky) fully restored ESX-5 dependent secretion.
However, we did not observe an increase in the secretion of ESX-5 substrates, such as the
PE_PGRS proteins or EsxN and LipY. Importantly, LipY, which is normally processed
upon secretion (26), was similarly processed in the active site and bulky mutants compared
to the wild-type strain. Also, the pattern of PE_PGRS proteins, which are potentially
processed upon secretion, was unaltered. Either MycP5 is not involved in the processing
of these substrates, or there is redundancy in protease activities. In conclusion, also MycP5
is essential for protein secretion via ESX-5, but this function is not linked to its putative
protease activity.
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Figure 2 – MycP5 is required for secretion but can be complemented with proteolytic inactive
variants. (A) Immunoblot analysis of cell pellets and supernatants of wild-type (WT) M. marinum
and the mycP5 deletion strain complemented with a WT mycP5 (P5) gene, a mycP5 gene containing
an active site mutation (P5SA) and a mycP5 gene with a bulky residue in the substrate pocket
(P5Bulky). Blots were stained for ESX-5 substrates with anti-PE_PGRS and anti-EsxN. As a
loading control, blots were probed with antibodies directed against the ESX-1 substrate EsxA and
cytosolic GroEL2. (B) Detection of cellular (Genapol pellet) and cell surface localized (Genapol
supernatant) PE_PGRS proteins of M. marinum wild-type (WT) strain and the mycP5 deletion strain
complemented with various mycP5 mutant genes by immunoblotting (C) Immunoblot detection of
cellular (Genapol pellet) and cell surface localized (Genapol supernatant) proteins of wild-type (WT)
M. marinum and the various mycP5 mutant strains expressing c-terminal HA tagged LipY.

The ESX-1 membrane complex has a similar composition as the ESX-5 membrane
complex
Because MycP is probably an inner membrane protein, we hypothesized that MycP may
be involved in the correct functioning of the membrane complex of T7S systems. We have
shown previously by blue native (BN-)PAGE and antibody pull-down experiments that
the membrane complex of the ESX-5 system has a size of 1.5 MDa and consists of four
conserved membrane proteins, i.e. EccB5, EccC5, EccD5 and EccE5 (2); no MycP5 could
be detected in these purified samples. Here, we set out to improve the purification
procedure by the introduction of an affinity tag, not only to more accurately detect less
abundant components of the ESX-5 membrane complex, but also to determine the
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composition of the ESX-1 membrane complex.

Figure 3 – Isolation and characterization of the ESX-1 membrane complex, which has a similar
composition as the ESX-5 membrane complex. (A) Immunoblot of detergent-solubilized cell
envelope fractions of M. marinum wild-type (WT), eccCb1::tn-eccCb1-2strep (1strep) and ∆eccC5eccC5-2strep (5strep) after blue native polyacrylamide gel electrophoresis. Blots were stained with
anti-EccB1 (B1), anti-EccB5 (B5) or anti-strep-tag (strep) antibodies as indicated. (B) SDS-PAGE
analysis and Coomassie staining of the StrepTactin purified ESX-1 membrane complex from M.
marinum eccCb1::tn-eccCb1-2strep and ESX-5 membrane complex from M. marinum ∆eccC5eccC5-2strep. Purifications using WT M. marinum strains served as negative control. Isolated
proteins were analyzed by mass spectrometry. (C) Immunoblot analysis of the purified ESX-1
membrane complex from M. marinum eccCb1::tn-eccCb1-2strep and ESX-5 membrane complex
from M. marinum ∆eccC5-eccC5-2strep.

As the ESX-1 complex has not been analyzed before we first investigated whether the
ESX-1 system of M. marinum forms a similar complex. To analyze this, we generated
polyclonal antibodies directed against the C-terminal fragment of EccB1. These antibodies
were used to identify the ESX-1 membrane complex in n-Dodecyl β-D-Maltoside (DDM)72
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solubilized membrane proteins separated on BN-PAGE, as was done previously for ESX5. EccB1 antibodies stained a number of different complexes, of which the largest was
approximately 1.5 MDa, similar to ESX-5 (Figure 3A). To be able to isolate the complex
we introduced EccCb1 containing a C-terminal Twin-Strep-tag in an eccCb1 transposon
mutant of M. marinum (27). The affinity tag did not interfere with EccCb1 functioning, as
introduction of the construct fully restored ESX-1 dependent secretion (Figure S1). The
tag also did not interfere with formation of the 1.5 MDa ESX-1 membrane complex as
shown by BN-PAGE analysis of detergent solubilized membrane fractions and
immunoblotting using Strep antibodies (Figure 3A), although these complexes were less
pronounced (Figure 3A).
We subsequently performed pull-down experiments on detergent-solubilized
membrane fractions using Strep-Tactin beads. We could observe a number of co-purified
proteins after Coomassie staining (Figure 3B), of which two we could confirm to be
EccCb1-strep and EccB1 by immunoblot analysis (Figure 3C). To identify the other copurified proteins, LC-MS/MS analysis on the complete strep-tag purified sample was
performed. This analysis showed the significantly increased presence of EccB1, EccCa1,
EccCb1, EccD1, EccE1 and a hypothetical protein, MMAR_2712 (Table 1) in the samples
containing EccCb1-Strep, but not in control samples containing purified material from
solubilized membranes of wild-type M. marinum. The presence of MMAR_2712 was
surprising and could indicate an additional component. However, homology and structure
predictions (Phyre2) indicated that MMAR_2712 is a transmembrane protein with a large
periplasmic domain containing a predicted phosphate binding site, an activity unrelated to
ESX-1 functioning. Furthermore, the gene encoding this protein is highly conserved in
many bacterial species without an ESX-1 system. To test a possible interaction of this
protein with the ESX complex we introduced an N- or a C-terminal HA-tag in
MMAR_2712 and isolated this protein using HA antibody beads. Subsequently, we used
immunoblotting to determine if ESX-1 components were copurified. However, this
experiment failed to confirm any interaction of MMAR_2712 with ESX-1 components
(unpublished observations). From these combined observations, we conclude that it is
unlikely that MMAR_2712 is a component of ESX-1. Similar to the previously analyzed
ESX-5 membrane complex, we were not able to detect significantly more MycP1 peptides
in the purified ESX-1 membrane complex, although in this analysis a few specific MycP1
spectral counts were observed. We therefore conclude that the composition and the size
of the ESX membrane complex is conserved between the systems.
Next, we also modified the ESX-5 system with a Twin-Strep-tag to allow more
efficient purification of the ESX-5 membrane complex. For this, we complemented the
previously characterized M. marinum eccC5 knockout strain (4) with EccC5 containing a
C-terminal Twin-Strep-tag. This affinity tag did not interfere with ESX-5-dependent
secretion (Figure S1) or with formation of the 1.5 MDa ESX-5 membrane complex (Figure
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3). The strep-tag purification of EccC5-strep was significantly more efficient than the
EccCb1-strep purification and resulted in the co-purification of the three known
interactors, i.e. EccB5, EccD5 and EccE5, as shown by immunoblot analysis and LCMS/MS analysis (Table 1). The mass-spectrometry analysis revealed that, also in this
preparation, there were no additional proteins co-purified with EccC5; although spectral
counts for MycP5 could be detected, these numbers were not above the spectral count
threshold levels (Table 2). We therefore conclude that the mycosins are probably not a
stable integral part of the ESX membrane complex.
Table 1. Proteins co-purified with EccCb1strep. LC-MS/MS was performed on strep-tag purified
material from M. marinum wild-type (negative control) and M. marinum-eccCb1::tn-eccCb1strep
cell envelope fractions, followed by a two way analysis. Proteins that showed >10 normalized
spectral counts in both eccCb1strep pull-down samples and Normalized Spectral Abundance Factor
(NSAF) of >0.02 were selected. A and B indicate biological replicates.
MS/MS Normalized
spectral counts
Identified

MW

protein

(kDa)

Coverage

WT

eccCb1-

Fold

strep

change

(%)
A

B

A

B

P-value

NSAF
A

B

EccCa1

80.8

73.5

20

3

271

157

19.0

2.5*10-3

0.35

0.3

EccCb1

64.6

49.2

7

0

172

98

37.5

2.4*10-3

0.40

0.38

EccB1

51.3

75.5

7

3

85

53

13.9

1.4*10-3

0.37

0.38

EccE1

50.9

64.7

11

1

76

46

10.1

4.6*10-3

0.20

0.15

76.1

51.4

9

1

70

44

11.0

3.0*10-3

-

-

EccD1

51.3

14

0

0

18

11

∞

9.7*10-4

0.05

0.03

MycP1

47.7

41.7

0

0

11

8

∞

1.2*10-3

MMAR_27
12
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Table 2. Proteins co-purified with EccC5strep. LC-MS/MS was performed on strep-tag purified
material from M. marinum wild-type (negative control) and M. marinum-∆eccC5-EccC5strep cell
envelope fractions, followed by a two-way analysis. Proteins that showed >10 normalized spectral
counts in both eccC5strep pull-down samples and Normalized Spectral Abundance Factor (NSAF)
of >0.05 were selected. The NSAF was calculated by dividing the normalized spectral counts from
the NanoLC-MS/MS experiment by the molecular mass (Mr) to obtain the Spectral Abundance
Factor (SAF) for each protein. Subsequently, each SAF was normalized by dividing it by the sum
of the SAFs of the proteins in the complex. A and B indicate biological replicates.
MS/MS Normalized
spectral counts
Identified

MW

protein

(kDa)

Sequence
Coverage

eccC5-strep

WT

(%)
A

B

A

B

Fold
change

P-value

NSAF
A

B

EccC5

152.6

71.4

75

50

706

651

10.8

5.7*10-6

0.42

0.41

EccD5

53.5

29.2

24

15

118

111

5.9

4.4*10-5

0.20

0.20

EccE5

44.0

57.6

17

8

103

110

8.5

4.3*10-5

0.21

0.24

EccB5

54.1

55.4

22

16

95

84

4.6

8.3*10-5

0.16

0.15

MycP5

59.8

29.5

0

3

9

19

6.9

4.8*10-3

MycP1 and MycP5 are involved in stability of the ESX membrane complexes
Although mycosins do not appear to be part of the core complex, the mycosins might still
be involved in the correct functioning of this membrane complex. To analyze this, we first
analyzed the presence of the ESX-5 membrane complex in the absence or presence of
MycP5. While for the wild-type strain the 1.5 MDa membrane complex was readily
visualized on BN-PAGE using polyclonal antibodies directed against EccB5, EccC5 and
EccD5, the complex levels were strongly reduced when membrane proteins of the mycP5
knockout mutant were analyzed (Figure 4A and S2A). Complementation with both wildtype mycP5 and mycP5::S461A restored the complex to wild-type levels. This effect on
complex formation was not due to decreased stability of the separate subunits, as the
expression levels of EccC5 and EccD5 were not affected, while EccB5 levels were only
slightly reduced upon the mycP5 deletion.
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Figure 4 - MycP1 and MycP5 are essential for ESX membrane complex stability. (A)
Immunoblot analysis of detergent-solubilized cell envelope fractions of wild-type (WT) M. marinum
and the mycP5 deletion strain complemented with various mycP5 mutant genes after BN-PAGE (BN)
or SDS-PAGE (SDS). Blots were probed with antibodies directed against EccB5 and FtsH. (B)
Immunoblot analysis of detergent-solubilized cell envelope fractions of wild-type (WT) M. marinum
and the mycP1 deletion strain complemented with various mycP1 mutant genes after BN-PAGE (BN)
or SDS-PAGE (SDS). Blots were stained with antibodies directed against EccB1 and FtsH. (C)
Immunoblot analysis of DSP-crosslinked (+ DSP) or only DMSO-treated (-DSP) detergentsolubilized cell envelope fractions of M. marinum wild-type (WT), an eccC5 deletion strain and a
mycP5 deletion strain after BN-PAGE (BN) or SDS-PAGE (SDS). (D) Immunoblot analysis of
solubilized cell envelope fractions (Total) and of proteins co-purified with StrepTactin purified
MycP5-strep (P5-Strep). Pulldowns using WT M. marinum material served as a negative control. (E)
Immunoblot analysis of DSP-crosslinked (+ DSP) or only DMSO-treated (-DSP) detergentsolubilized cell envelope fractions of the M. marinum mycP5 deletion strain complemented with HAtagged MycP5 after BN-PAGE (BN).

A similar effect was observed for the ESX-1 complex; we could detect the 1.5 MDa
ESX-1 complex in the wild-type strain, while this complex was not observed in the
76

Mycosins stabilize their respective ESX complex

absence of MycP1 (Figure 4B). This phenotype could be complemented by introduction
of wild-type MycP1 or the active site mutant. Expression levels of EccB1 were not affected
by knocking out mycP1. These results suggest that the strongly reduced membrane
complex levels in the absence of the respective mycosins were not due to diminished
expression of individual membrane components.
The observation that small amounts of the 1.5 MDa ESX-5 membrane complex could
be detected in the mycP5 knockout suggested that the membrane complex is less efficiently
formed or is less stable. To distinguish between these two possibilities, we treated half of
the membrane fractions with the crosslinking agent dithiobis-(succinimidyl propionate)
(DSP) before solubilization to fix protein-protein interactions. DSP crosslinking did not
affect ESX-5 complex levels in the wild-type strain. Also in the negative control strain,
the eccC5 knockout mutant, the presence of DSP could not restore complex formation of
the remaining components. In contrast, crosslinking had a major effect in the mycP5
mutant, as the ESX-5 membrane complex was detectable at wild-type levels in the DSPtreated membranes (Figure 4C). A similar experiment was performed for ESX-1. Also in
this case DSP treatment of mycP1 knockout membranes resulted in a stabilizing effect on
the ESX-1 complex (Figure S2B). This shows that the conserved components of the ESX1 and ESX-5 membrane complex in principal interact and seem to properly form the ~1.5
MDa membrane complex in the absence of their MycP component, but that the complexes
more easily dissociate after detergent-extraction. We therefore conclude that the mycosins
of ESX-1 and ESX-5 are involved in stabilization of the respective membrane complex.
We propose that this stabilization is crucial for membrane complex functioning,
explaining the essential role of MycP in T7S.
MycP5 is associated with the ESX-5 core complex
In the mass spectrometry results of the purified EccCb1 and EccC5 protein samples we did
observe a few specific spectral counts for MycP1 and MycP5, respectively. These counts
are too low to conclude that MycP is a stable component of the T7S membrane complex.
However, we hypothesized that MycP could be loosely associated with the complex and
thereby stabilize the core complex. To investigate this, we tried to preserve this interaction
by testing different mild detergents to solubilize the cell envelope proteins of the mycP5
deletion strain complemented with MycP5 containing a C-terminal HA-tag for detection.
The HA-tag did not interfere with ESX-5 dependent secretion and therefore did not affect
MycP5 functioning (Figure S1C). Although several detergents did show a comparable
solubilization to DDM, they did not preserve the interaction of the ESX-5 complex with
MycP5 (Figure 4E). Next, we tried to fix the interaction by treating the cell envelope
fractions with DSP prior to the detergent extraction. Interestingly, the DSP treatment
resulted in a shift of the HA-tagged MycP5 to a molecular weight corresponding to the
ESX-5 core complex, indicating that MycP5 is associated with the ESX-5 complex after
77

1
2
3
4
5
6
&

Chapter 2

crosslinking. To confirm that crosslinking stabilizes the interaction, we performed StrepTactin pull-down experiments on crosslinked and detergent-solubilized membrane
fractions of either wild-type or a mycP5 deletion strain complemented with MycP5
containing a Twin-Strep-tag at its C-terminus. Also, this tag did not interfere with MycP5
functioning (Figure S1D). As we observed that DSP severely interfered with the pulldown, we used formaldehyde to fix protein-protein interactions. This crosslinking agent
did not affect the pull-down efficiency, as similar MycP5 levels were detected in the
elution samples containing the strep-tagged MycP5, whereas no MycP5 was detected in the
elution of the wild type samples by immunoblotting and Coomassie staining (Figure 4D
and Figure S3). The purification of MycP5 resulted in the co-purification of both EccB5
and EccE5, albeit at relatively low levels (Figure 4D). This interaction could be stabilized
by formaldehyde treatment, as we detected higher levels of EccB5 and EccE5 in the
crosslinked samples (Figure 4D). We did not detect the unrelated membrane component
FtsH in the elution samples, nor the abundant cytosolic component GroEL2 (Figure 4D).
We did observe a very low intensity signal for EccB1 in the elution fraction, however in
contrast to EccB5 and EccE5, this signal was reduced in the crosslinked elution sample,
indicating that this is an aspecific contamination of the eluate. Our data therefore seems to
confirm that MycP5 indeed interacts with the ESX-5 core complex components and that
this interaction is essential for the stability and functionality of the ESX complexes by
their respective mycosins.

Discussion
In this study, we have shown that the active site mutant of MycP1 has a similar phenotype
in M. marinum as previously observed in M. tuberculosis (22). In this previous study, Ohol
et al. (22) described a regulatory role of the proteolytic activity of MycP1 in M.
tuberculosis, with increased secretion by the MycP active site mutation. This mechanism
appears to be a conserved feature, as we also observed increased secretion of EsxA, EsxB
and EspE in a M. marinum strain harboring a proteolytic inactive MycP1.
We used the ability of M. marinum to lyse erythrocytes in an ESX-1 dependent manner,
to further analyze ESX-1 functioning. While the M. marinum ΔmycP1 mutant was indeed
unable to lyse erythrocytes, the active site mutant showed a significantly increased
hemolytic activity, corresponding to the increased activity of the ESX-1 system. It is
possible that this is due to the increased secretion of EsxA, as this substrate has been
indicated to be responsible for the hemolytic activity (11,12,28), although the other
substrates of ESX-1 are also secreted in higher amounts. The disparity between the
increased membrane lysing capability observed in M. marinum and the decreased
virulence of M. tuberculosis in mice (22), may be explained by the immunogenicity of
EsxA, which could result in a reduced virulence in later stages of infection (29,30).
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MycP5 showed a similar phenotype as MycP1, with the mutation in the predicted active
site not affecting the secretion of ESX-5 substrates. However, we did not observe
increased secretion in the mycP5 active site mutant, supporting the suggestion that the
observed phenotype of the proteolytically inactive MycP1 is caused by a specific MycP1
substrate, which could be EspB (22). We also did not observe any differences in the
(possible) processing of ESX-5 substrates in the mycP5 active site mutant as compared to
the wild-type M. marinum strain. This also means that there are currently no MycP5
substrates known. Therefore, the possibility remains that MycP5 is proteolytically inactive,
although it contains all the features known to be essential for protease activity. We prefer
the hypothesis that the phenotype of the active site mutant of mycP5 is a result of functional
redundancy between MycP5 and other proteases, possibly other mycosins.
We also investigated whether substrate binding is involved in the essential role of
mycosins, by introducing a bulky amino acid in the substrate binding pocket of MycP1 and
MycP5. Because these modifications had a similar effect as the active site mutations, we
can conclude that not only the proteolytic activity of mycosins is not required for ESXdependent secretion, but also substrate binding. It should be mentioned though that the
mutated residue of MycP1, N239, coordinates the oxyanion hole and, as such, may also
affect proteolytic activity. Further experiments are required to determine whether EspB
indeed cannot bind to MycP1mth::N239Y.
To study the involvement of mycosin in T7S membrane complex functioning, we
isolated both the ESX-1 and ESX-5 membrane complex using a Twin-Strep-tag that was
fused at the C-terminus of EccC. The Strep-tag purification considerably increased the
yield and purity of the purified ESX-5 complex compared to the previous purifications
using antibodies (2). Despite the improved purification still no additional (less abundant)
components could be detected; although a few spectral counts of MycP5 were specifically
detected with the EccC5-strep pull-down, these were not above the spectral count threshold
levels. We also were unable to detect specific MycP5 co-purification by immunoblot
analysis using MycP5 antibodies. Also in the Strep-pull-down experiments of the ESX-1
complex we could detect a few specific spectral counts for MycP1, but again these numbers
were below the threshold level.
We calculated the Normalized Spectral Abundance Factor (NSAF) of the Strep-tagpurified complexes similarly as before (2) to estimate and compare the relative abundance
of individual components of the ESX-1 and ESX-5 complexes. For this, the number of
spectral counts (SpC) per isolated protein was divided by the protein’s length (L), which
was again divided by the sum of SpC/L for all isolated proteins in the experiment. This
analysis revealed an EccC5:EccB5:EccE5:EccD5 ratio of approximately 2:1:1:1. This ratio
is slightly different from the 2:2:1:2 ratio that was found for the antibody pull-down (2).
It should be noted that EccC5 might be overrepresented in the Strep-pull-down, as this
component contains the affinity tag. The NSAF values of the ESX-1 purified proteins
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revealed a ratio of 9:7:4:4:1 for EccCa1:EccCb1:EccB1:EccE1:EccD1, showing a similar
distribution, in which the EccC subunits, which are produced as two separate proteins in
ESX-1, are roughly present in double the amount as compared to the other components.
For ESX-1 only EccD1 seemed to be underrepresented as compared to ESX-5. This could
suggest that the ESX-1 complex is less stable than the ESX-5 complex, which could also
explain the smearing pattern observed in BN-PAGE.
As MycP1 or MycP5 do not appear to be a (stable) component of the ESX-1 or ESX-5
complex in M. marinum, it was surprising that the presence of both MycP1 and MycP5 is
required for complex stability. The instability of the ESX-5 complex in the mycP5
knockout was further indicated by the observation that we could not stabilize the ESX-5
complex by crosslinking in the mycP5 knockout background after repeated freeze-thaw
cycles, while this was possible with wild-type samples (unpublished observations).
Apparently, the mechanical stress of this process is already sufficient to dissociate this
unstable complex. Using a crosslinking approach, we could show that the ESX-1 and ESX5 complex could be formed in the mycP1 and mycP5 knockout strains, respectively.
Therefore, this indicates that the mycosins are associated with the complexes and are
essential for their stability. Furthermore, this stabilization is required for the complex to
be functional. The fact that we are unable to detect MycP1 or MycP5 above the threshold
levels in the EccCb1 and EccC5 pull-downs indicates that MycP only loosely associates
with the membrane complex and its interaction is not maintained after detergent
extraction. This notion is supported by the observed shift of HA-tagged MycP5 to a
molecular weight corresponding to the ESX-5 complex on BN-PAGE, the detection of
EccB5 and EccE5 in the elution samples of Strep-Tactin pull-downs of strep-tagged MycP5,
and the fact that we observe increased amounts of co-purified EccB5 and EccE5 after
crosslinking. From this, we conclude that there is indeed an interaction between MycP5
and the ESX-5 core complex, which could explain the observed effects on complex
stability. Although we cannot explain the exact mechanism by which a loose association
of MycP with the core ESX complex can affect the stability of the complex, there are
comparable effects known from literature. In type IV pilus biogenesis in Neisseria
meningitides for instance, the outer membrane protein PilW stabilizes multimeric PilQ,
the outer membrane secretin, even though PilW is not part of the multimeric complex
formed by PilQ (31).
In summary, this study has for the first time provided insight in the essential function
of mycosins in T7S. We propose a new model for the T7S systems in mycobacteria, with
the mycosins being associated with their respective membrane complexes, which is crucial
for the full integrity of the core secretion complex (Figure 5A). In the absence of mycosin,
the complex is less stable and as a result non-functional (Figure 5B).
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Figure 5 – Model of the T7S membrane complex. (A) MycP5 associates with the EccBCDE5
(B/C/D/E) membrane embedded complex and as a result the T7S ESX-5 complex is stabilized and
functional. IM, inner membrane; OM, outer membrane. (B) In the absence of MycP5 the ESX-5
complex is less stable and as a result non-functional.

Materials & Methods
Bacterial strains and culture conditions
M. marinum MUSA (32) was used for all M. marinum experiments unless stated otherwise.
M. marinum wild-type strains and the various derived knockout mutants were grown on
7H10 agar supplemented with 10% Middlebrook OADC (BD Biosciences) at 30 °C or in
Middlebrook 7H9 liquid medium supplemented with 10% Middlebrook ADC and when
required 0.05% Tween 80, at 30 °C and 150 rpm. Escherichia coli strains were grown in
Luria-Bertani (LB) liquid medium or on LB Agar. Medium was supplemented with the
appropriate antibiotics at the following concentrations: kanamycin, 25 µg ml-1,
hygromycin, 50 µg ml-1, streptomycin 35 µg ml-1, ampicillin, 100 µg ml-1 and
chloramphenicol at 30 µg ml-1. E. coli strain DH5α was used for DNA cloning and
plasmid accumulation and the E. coli strain Rosetta for recombinant protein expression.
Generating the mycP1 knock-out in M. marinum
The generation of the mycP5 and eccC5 knockout strains that were used in this study have
been described previously by Ates et al. (4). Notably, a pSMT3 plasmid expressing the
outer membrane porin MspA was present in these ESX-5 mutants to circumvent the
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essentiality of this system for growth of M. marinum. The mycP5 knock-out mutant did
not show a growth defect in the presence of MspA. A mycP1 knockout was created in M.
marinum MUSA by allelic exchange using the temperature-sensitive phage phAE159 (33),
similar as described for the creation of the mycP5 and eccC5 knock-out by Ates et al. (4).
The required construct was made by DNA amplification using the primers MycP1 LF,
MycP1 LR, MycP1 RF and MycP1 RR (Table S1) and the In-Fusion enzyme. The
chromosomal deletion was confirmed by PCR analysis and sequencing. The M. marinum
E11 eccCb1 transposon mutant that was used in this study has been described previously
by Stoop et al. (27).
Cloning
The mycP1 and mycP5 genes were amplified from M. marinum MUSA genomic DNA by
PCR with anchored primers (EcoRI and HindIII, Table S1). Point mutations, the HA-tag
and Twin-Strep-tag were introduced in mycP1 and mycP5 with nested primers (Table S1).
The generated constructs were additionally cloned as EcoRI-HindIII digested fragments
in pMV361 (34), or with PmII and HindIII in the case of the Twin-Strep-tag. The Cterminal Twin-Strep-tag was introduced to EccC5 by modifying the pMV-EccBC5 vector
described by Ates et al. (4). The vector was digested with DraI and HindIII and
subsequently a linker, consisting of two annealed oligos (Table S1, OneStrep-1 and
OneStrep-2) was ligated to the digested vector. For the generation of pMV-EccBCab1Twin-Strep, the eccBCab1 genes were amplified from M. marinum E11 genomic DNA
with two consecutive PCR reactions. The first PCR amplified EccBCab1 with an additional
100 to 200 basepairs on both sides of the genes, the second PCR amplified eccBCab1 and
introduced a NsiI site in front of the gene (Table S1). The PCR product was digested with
NsiI and ligated into a DraI and NsiI digested pMV-EccBC5-Twin-Strep. MycP1mth,
MycP1mth S334A and EspBmtb E. coli expression plasmids were previous described by
Wagner et al. (25). The mycP1mth::N239Y construct was amplified with anchored primers
(NdeI and XhoI) using pET-21d-mycP1mth as a template and the point mutation was
introduced with nested primers (Table S1). The construct was digested with NdeI and
XhoI and ligated to NdeI and XhoI digested pET-28a. All plasmids were checked by
sequencing of the relevant sections.
Protein secretion and immunoblot analysis
M. marinum strains were grown in 7H9 liquid medium supplemented with ADC, 0.05%
Tween-80 and appropriate antibiotics until mid-logarithmic phase, after which the cells
were washed and inoculated in 7H9 with 0.2% dextrose + 0.05% Tween-80 at an OD600
of 0.4 and grown for another 16 hours. The cells (Pellet) were spun down for 10 min at
6000xg, washed with PBS and resuspended in SDS loading buffer. Supernatants were
passed through 0.45 µm filter units, proteins were precipitated with TCA and resuspended
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in SDS loading buffer. Alternatively, the cells were resuspended in 0.5% Genapol X-080
and incubated for one hour at room temperature. Samples were spun down, pellets were
resuspended in SDS sample loading buffer (Genapol pellet), while 5x SDS sample buffer
was added to the supernatant containing Genapol X-080 (Genapol supernatant). Proteins
were separated on SDS-PAGE gels, transferred to a nitrocellulose membrane and
membranes were stained with anti-GroEL2 (Cs44; John Belisle, NIH, Bethesda), antiPE_PGRS (31), anti-ESAT-6 (Mab Hyb76-8), anti-HA (HA.11; Covance), anti-EccB5 (2),
anti-EccE5 (2), anti-EspE (Eric Brown; Genentech), anti-EsxN (Mtb9.9) (35), anti-CFP10 (Colorado State University), anti-EspB (EPFL, Lausanne) or anti-FtsH (36) antibodies.
Polyclonal antiserum against the EccB1 synthetic peptide CLPSDPNPRKVPAG was
raised in rabbits by Innovagen (Lund, Sweden) using Stimune (Prionix) as adjuvant.
Protein expression, purification and activity assays
Recombinant proteins were expressed in E. coli Rosetta (DE3) cells by induction with 0.5
mM IPTG for 4 hours at 22 °C. Cells were harvested and resuspended in 20 mM Tris-HCl
pH 8.0, 300 mM NaCl. The cells were lysed using lysozyme (1 µg ml-1) and a One-Shot
Cell disruptor (Constant systems Ltd). The cell lysate was centrifuged for 20 minutes at
8000xg and the proteins were purified from the cleared supernatant with a HiTrap Talon
crude column (GE Lifesciences), using a gradient elution from 0 mM to 250 mM
imidazole. Purified proteins were dialyzed in 20 mM Hepes pH 7.5,100 mM NaCl.
Mycosin activity assays were performed in 20 mM HEPES pH 7.5, 100 mM NaCl, 2 mM
CaCl2, 5 mM FeCl and 5 mM MgCl at 37 °C for 16 hours with 0.2 mg ml-1 EspB and 0.1
mg ml-1 mycosin. Reactions were stopped by the addition of SDS loading buffer. Samples
were heated at 94 °C for 5 minutes and the proteins were separated on a 10% SDS-PAGE
gel. Proteins were visualized by Coomassie staining or by immunoblotting, using mouse
anti-His antibodies (GE Healthcare).
Hemolysis
Mid-log phase M. marinum bacteria were harvested by centrifugation, washed with PBS
and resuspended in phenol red free DMEM (Gibco). Bacteria from all strains were set to
a concentration of 2 OD units ml-1. Defibrinated sheep blood cells (Oxoid) were washed
with DMEM and set to a concentration of 8*108 cells ml-1. 75 µL bacteria and 75 µL
erythrocytes were mixed and spun down for 5 minutes at 610xg in a round-bottom, 96wells plate. The bacteria and cells were incubated in a 5% carbon dioxide incubator at 32
°C for 3 hours. The pellets were resuspended and repelleted, the supernatant was
transferred to a flat-bottom, 96 wells plate and the released hemoglobin was quantified by
the measured absorbance at 405 nm. Statistically significant differences between strains
was determined with a one-way ANOVA. Sample size consisted of 6 biological replicates
per strain with each biological replicate consisting of 4 technical replicates.
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Blue Native PAGE analysis of ESX membrane complex formation
M. marinum bacteria were grown until an OD600 of 1 to 1.5 and harvested by
centrifugation. Cells were resuspended in PBS with 250 mM sucrose and lysed with a
One-Shot Cell disruptor (Constant systems Ltd). Unlysed cells were pelleted by
centrifugation at 3.000xg for 10 minutes. The cell envelope (CE) fraction was isolated by
centrifugation at 100.000xg for 30 minutes and resuspended in PBS with 250 mM sucrose.
When stated, samples were crosslinked with DSP, or treated with DMSO as a negative
control, and subsequently quenched with 100 mM glycine, 10 mm NaHPO4 (pH 8.5).
Membrane proteins were solubilized for 1 hour with 0.25% DDM, the insoluble fraction
was removed by centrifugation at 100.000xg for 20 minutes and solubilized protein
(complexes) were separated on a 3-12% NativePage Novex Bis-Tris Protein Gel (Life
technologies). Proteins were transferred to a PVDF membrane and stained with antiEccB1, anti-EccB5, anti-EccC5 (2), anti-EccD5 (2), or anti-HA antibodies.
Isolation of ESX-1 and ESX-5 membrane complexes and MycP5 pull-down
Proteins were solubilized from isolated CE fractions as described above, with the addition
of 0.3 mg/ml avidin (Sigma) after the DDM incubation. Solubilized proteins were
incubated with Strep-tactin beads for 30 minutes head-over-head, washed with 50 mM
Hepes-KOH pH 7.8, 150 mM KOAc, 125 mM sucrose, 0.04% DDM and eluted with 10
mM desthiobiotin, dissolved in the same buffer as for the washing. For the MycP5-Streptag purification, when stated, whole cells were treated with 1% Formaldehyde and
subsequently quenched with 100 mM glycine, 10 mm NaHPO4 (pH 8.5). Proteins were
solubilized from isolated CE fractions as described above and the strep-tactin pull-down
was performed as described above. SDS solubilization buffer was added to the elution
fractions, samples were heated at 94°C, separated on a 10% SDS-PAGE gel and visualized
by Coomassie staining or transferred to a nitrocellulose membrane and stained with antiStrep-tag, anti-EccB1, anti-EccB5, anti-EccD5 or anti-EccE5 (2) antibodies. SDS
solubilization buffer was added to the elution fractions, samples were heated at 94°C,
separated on a 12.5% SDS-PAGE gel and visualized by Coomassie staining or transferred
to a nitrocellulose membrane and stained with anti-Strep-tag, anti-EccB1, anti-EccB5, antiFtsH, anti-GroEL2 or anti-EccE5 (2) antibodies.
LC-MS/MS
Peptides were separated by an Ultimate 3000 nanoLC-MS/MS system (Dionex LCPackings, Amsterdam, The Netherlands) equipped with a 20 cm × 75 μm ID fused silica
column custom packed with 3 μm 120 Å ReproSil Pur C18 aqua (Dr Maisch GMBH,
Ammerbuch-Entringen, Germany). After injection, peptides were trapped at 6 μl/min on
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a 10 mm × 100 μm ID trap column packed with 5 μm 120 Å ReproSil Pur C18 aqua at 2%
buffer B (buffer A: 0.5% acetic acid in Milli-Q Water Water (MQ); buffer B: 80%
Acetonitrile (CAN) + 0.5% acetic acid in (MQ) and separated at 300 nl/min in a 10–40%
buffer B gradient in 60 min (90 min inject-to-inject). Eluting peptides were ionized at a
potential of +2 kVa into a Q Exactive mass spectrometer (Thermo Fisher, Bremen,
Germany). Intact masses were measured at resolution 70.000 (at m/z 200) in the orbitrap
using an AGC target value of 3 × 106 charges. The top 10 peptide signals (charge-states
2+ and higher) were submitted to MS/MS in the HCD (higher-energy collision) cell (4 amu
isolation width, 25% normalized collision energy). MS/MS spectra were acquired at
resolution 17.500 (at m/z 200) in the orbitrap using an AGC target value of 2 × 105 charges
and an underfill ratio of 0.1%. Dynamic exclusion was applied with a repeat count of 1
and an exclusion time of 30 s.
MS/MS spectra were searched against the Uniprot M. marinum complete proteome
(ATCC BAA-535M) FASTA file (5418 entries) using MaxQuant 1.4.1.2. (37). Enzyme
specificity was set to trypsin and up to two missed cleavages were allowed. Cysteine
carboxamidomethylation (Cys, +57.021464 Da) was treated as fixed modification and
methionine oxidation (Met,+15.994915 Da) and N-terminal acetylation (N-terminal,
+42.010565 Da) as variable modifications. Peptide precursor ions were searched with a
maximum mass deviation of 6.0 ppm and fragment ions with a maximum mass deviation
of 20 ppm (default MaxQuant settings). Peptide and protein identifications were filtered
at an FDR of 1% using the decoy database strategy. Proteins that could not be
differentiated based on MS/MS spectra alone were grouped to protein groups (default
MaxQuant settings).
Proteins were (label-free) quantified by spectral counting i.e. the sum of all MS/MS
spectra for each identified protein (38). For quantitative analysis across samples, spectral
counts for identified proteins in a sample were normalized to the sum of spectral counts
for that sample. This gives the relative spectral count contribution of a protein to all
spectral counts in the sample. When comparing different biological samples, these
normalized spectral counts were used to calculate ratios. In this way, we were able to
correct for loading differences between samples. Differential analysis of samples was
performed using the beta-binominal test (39), which takes into account within- and
between-sample variations, giving fold-change values and associated p-values for all
identified proteins. Protein cluster analysis of the differentially expressed proteins was
performed using hierarchical clustering in R. The protein abundances were normalized to
zero mean and unit variance for each individual protein. Subsequently, the Euclidean
distance measure was used for protein clustering.
The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE (40) partner repository with the dataset identifier PXD003766.
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Supplemental materials

Figure S1 - Introduction of a Twin-Strep-tag or HA-tag at the C-termini of EccCb1, EccC5 or
MycP5 does not interfere with ESX dependent secretion. (A) Immunoblot analysis of
supernatants and cell pellets of M. marinum wild-type (WT), an eccCb1 transposon mutant
(tn::eccCb1) and the strep-tagged complemented eccCb1::tn-eccCb1-2strep (EccCb1-strep).
GroEL2 staining was used as a control for lysis and equal loading. (B) Immunoblot analysis of
supernatants and cell pellets of M. marinum wild-type (WT), an eccC5 deletion mutant (∆eccC5) and
the strep-tagged complemented ∆eccC5-eccC5-2strep (EccC5-strep). GroEL2 staining was used as
a control for lysis and equal loading. (C) Immunoblot analysis of cellular (GP) and cell surface
localized (GS) proteins of M. marinum wild-type (WT) and the HA-tagged complemented ∆mycP5mycP5-HA (MycP5-HA). GroEL2 staining was used as a control for lysis and equal loading. (D)
Immunoblot analysis of cellular (GP) and cell surface localized (GS) proteins of M. marinum wildtype (WT) and the strep-tagged complemented ∆mycP5-mycP5-2Strep (MycP5-Strep). GroEL2
staining was used as a control for lysis and equal loading.
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Figure S2 - MycP1 and MycP5 are essential for ESX membrane complex stability. (A)
Immunoblot analysis of detergent-solubilized cell envelope fractions of wild-type (WT) M. marinum
and the mycP5 deletion strain complemented with various mycP5 mutant genes after BN-PAGE (BN)
or SDS-PAGE (SDS). Blots were incubated with antibodies directed against EccC5 and EccD5. (B)
Immunoblot analysis of DSP-crosslinked (+ DSP) or only DMSO-treated (-DSP) detergentsolubilized cell envelope fractions of M. marinum wild-type (WT), an eccCb1::tn mutant and a
mycP1 deletion, stained for EccB1 after BN-PAGE (BN) or FtsH after SDS-PAGE (SDS).

Figure S3 - Purified strep-tagged MycP5 is at observable levels after CBB staining. SDS-PAGE
analysis and Coomassie staining of StrepTactin pull-downs on M. marinum WT (WT) and

∆mycP5::mycP5-Strep (MycP5-Strep). The same background bands are visible in both the MycP5Strep and WT samples.
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Table S1 - List of primers used in this study.
Name
Mycp1 Lf
Mycp1 Lr
Mycp1 Rf
Mycp1 Rr
Mycp1ecori Fw
Mycp1hindiii Rev
Mycp5ecori Fw
Mycp5hindiii Rev
Eccbc1 Fw Nest
Eccbc1 Rev Nest
Eccbc1 Nsii Fw
Eccbc1 Rev)
Onestrep-1

Onestrep-2

Mycp1s354a Fw
Mycp1s354a Rev
Mycp1n259y Fw
Mycp1n259y Rev
Mycp5-Strep Fw
Mycp5-Strep Rev
Mycp5d362y Fw
Mycp5d362y Rev
Espbnhei Fw
Espbhabamhi Rev
Mycp1mthndei Fw
Mycp1mthxhoi Rev
Mycp1mthn239y Fw
Mycp1mthn239y Rev
Mycp5ha Rev
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Sequence (5’  3’)
TGTCAAACCTGCCAACCGATTGGCAGTTGGCAGTG
CAGGACTCTAGCCAACCGGAGGCGGTATCGACAAT
TACAGGACCTGCCAATTAAATAGCCGCAGTGAAGCTCTGG
TACGACTCACTCCAAGGCATGCGCGTTCATCAACT
CCGGAATTCCATATGCAGGCAGGACTGACAC
GCCGAAGCTTTCATCGGCGCCTCAGCG
CCGGAATTCCAT ATGCAGCGATTCGGTACCGTT
GCCGAAGCTT TCATCGCCGCTTCCGTGA
CCGATATGCGCGACAATTGG
GAGCGTTGCCGCTCAATAGT
TTTTATGCATAGGCAATCGCCACGGTGCAT
ACCGGGGCTTGGGGGTGCTGC
AAAAGCGCTTGGAGCCACCCGCAGTTCGAGAAGGGAGGAGGT
TCGGGAGGTGGATCGGGAGGTGGATCGTGGAGCCACCCGCAG
TTCGAGAAGTAA
AGCTTTACTTCTCGAACTGCGGGTGGCTCCACGATCCACCTCCC
GATCCACCTCCCGAACCTCCTCCCTTCTCGAACTGCGGGTGGCT
CCAAGCGCTTTT
CCCGATCGCCGGCACCGCATTTGCGGCGGCCTATGTC
GACATAGGCCGCCGCAAATGCGGTGCCGGCGATCGGG
GGTCGTCGCCGCGGGTTACACCGGCGGCGACTGCTC
GAGCAGTCGCCGCCGGTGTAACCCGCGGCGACGACC
GGCGATCACGGAAGCGGCGAAGCGCTTGGAGCCACCCGCA
TGCGGGTGGCTCCAAGCGCTTCGCCGCTTCCGTGATCGCC
CGGCCGGCTACGGCAGCAAGA
TCTTGCTGCCGTAGCCGGCCG
CCGGCTAGCATGAGCCAGCCGCAGACCGT
GGCGGATCCACTACGCGTAGTCCGGCACGTCGTACGGGTACTT
GTTGTCCTGACGGCG
CCGCATATGATCGAACCTCCGGTGA
GCCGCTCGAGCTACACATCCCAGGTCAGCGC
GATCGCGGCGGCCGGCTACACCGGTCAGGACTGCACC
GGTGCAGTCCTGACCGGTGTAGCCGGCCGCCGCGATC
GCCGAAGCTTCTACGCGTAGTCCGGCACGTCGTACGGGTATCG
CCGCTTCCGTGA
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Abstract
The mycosin protease (MycP) is widely conserved in type VII secretion (T7S) systems
throughout Actinobacteria. Within the T7S systems of mycobacteria, also known as the
ESX systems, MycP is essential for secretion, which is probably linked to its stabilizing
effect on the ESX membrane complex. However, it is unknown how this is mediated, as
MycP is not a stable component of this complex. In this study we set out to create a
chimeric fusion protein of EccB5 and MycP5, based on a chimeric gene of eccB and mycP
in the T7S locus of Bifidobacterium dentium. We show that this fusion protein is functional
and capable of complementing ESX-5 secretion in both an eccB5 and a mycP5 knockout
in Mycobacterium marinum. To study the ESX complex containing this fusion protein in
more detail, we replaced the original eccB5 and mycP5 of the Mycobacterium xenopi esx5 locus, reconstituted in Mycobacterium smegmatis, with the chimeric gene. The EccB5MycP5 fusion construct also restored ESX-5 secretion under these double knockout
conditions. Subsequent protein pulldowns on the central complex component EccC5
showed that under these conditions, the EccB5-MycP5 fusion was specifically copurified
and a stable component of the ESX-5 complex. Based on our results, we can conclude that
MycP5 carries out its essential function in secretion in close proximity to EccB5, indicating
that EccB5 is the direct interaction partner of MycP5.
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Introduction
A distinctive feature of mycobacteria is their cell envelope. Unlike most other bacterial
species belonging to the phylum Actinobacteria (also known as high GC Gram-positive
bacteria), they contain an atypical second membrane. This outer membrane is highly
hydrophobic and impermeable due to the presence of very long fatty acids, called mycolic
acids (1,2). Mycobacteria rely on a set of specialized secretion systems, named type VII
secretion (T7S) systems, to export proteins across this double-membrane or diderm cell
envelope (3). Pathogenic mycobacteria, such as the important pathogen Mycobacterium
tuberculosis, have up to five genomic T7S clusters, called ESX-1 to ESX-5, three of which
have been shown to play pivotal roles in physiology and virulence (4–7). For pathogenic
mycobacteria, the ESX-1 system is required for phagosomal rupture (8) and subsequent
translocation to the cytosol (9). This important virulence mechanism is absent in the live
vaccine strain Mycobacterium bovis BCG (8–11). The ESX-3 system is required for
bacterial viability, as it is involved in the acquisition of iron and zinc (12,13). Finally,
while ESX-1 and ESX-3 are widely conserved in Mycobacteria (3), the ESX-5 system is
only found in the group of slow-growing mycobacteria, which includes most
mycobacterial pathogens. This system is both involved in host immune modulation and
the uptake and/or utilization of fatty acids (6,14–16). This ESX system also secretes most
proteins, as it is responsible for the secretion of at least 40 and potentially more than 100
substrates, including the large subgroup of PE_PGRS proteins (17,18). Due to its role in
the uptake of nutrients, the ESX-5 system is essential for bacterial viability (13,14).
However, this can be alleviated by increasing the permeability of the outer membrane,
e.g., by the introduction of a gene encoding the outer membrane porin MspA of
Mycobacterium smegmatis (14,19,20). The mycobacterial ESX systems have a number of
conserved components. Four of the conserved membrane components, i.e., EccB to EccE,
form the ~1.8 MDa membrane-embedded secretion complex, as determined for the ESX1 and ESX-5 complex by protein pulldowns and blue-native PAGE analysis (21,22).
Subsequent negative-stain electron microscopy revealed a six-fold symmetry of the
purified ESX-5 complex (23), which, together with the observed molecular weight and
determined stoichiometry suggests this complex contains six copies of each of the four
Ecc components (23–25). Recently, high-resolution structures of an ESX-3 sub-complex
have been solved by two separate research groups, suggesting that compared to the other
components, twice the number of EccD subunits are present (26, 27).
Interestingly, based on these studies, the fifth conserved membrane protein, the
mycosin protease, was not considered as an integral part of the ESX-complex (21–23).
This is surprising since mycosins are one of the most conserved components of T7S
systems within Actinobacteria (28). Furthermore, MycP1 and MycP5 have been shown to
be essential for secretion by their respective ESX systems (22, 29). The crystal structures
of MycP1 and MycP3 revealed that mycosins have a subtilisin-like fold (30, 31).
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Unexpectedly, however, the N-terminal extension of mycosins is not processed in mature
proteins, nor does it block the substrate-binding pocket, as is normally seen for subtilisins.
Instead, this domain is wrapped around the protease domain and is required for structural
stability (30–32).
So far, only MycP1 has been shown to be proteolytically active (30). However, this
proteolytic activity is not required for secretion (22, 30). Instead, crosslinking experiments
and pulldown experiments showed that MycP5 does loosely interact with the ESX-5
complex and is required for complex stabilization (22), although it is not required for the
assembly of the ESX-5 complex. This activity provides an explanation for the essentiality
of mycosins for ESX secretion (22). Mycosins are produced with a classical N-terminal
signal sequence and a C-terminal transmembrane (TM) domain. Therefore, the bulk of the
protein is expected to reside in the periplasm (30, 33). Based on chimeric and truncated
MycP1 and MycP5 constructs, we previously showed that the stabilization of the ESX
complex is mediated by both the protease and C-terminal TM domain (32). This suggests
that MycP interacts both with the inner membrane part and the periplasmic portion of the
ESX-complex.
As the interaction between MycP and its respective complex is relatively weak and is
apparently disrupted upon detergent extraction of the membrane complex (22), we have
so far been unable to identify its direct interaction partner within the ESX membrane
complex. Bioinformatic analysis of other putative T7S systems present in Actinobacteria
revealed a T7S gene cluster in the oral bacterium Bifidobacterium dentium (28). This locus
contains two mycP genes, one of which is part of a chimeric gene that also contains a
complete homologue of eccB (Figure 1A) (28). This gene contains all domains of MycP,
except for the region encoding the signal sequence, resulting in a chimeric protein, where
the C-terminal periplasmic domain of EccB is fused to the N-terminal extension of MycP.
Although there is no functional or structural data on the T7S system of B. dentium, this
fusion suggests that MycP carries out its function in close proximity to EccB. As this
provides us with an alternative approach to enforce a potential interaction between EccB
and MycP, we used the B. dentium chimeric eccB-mycP gene as a basis to create chimeric
constructs of eccB5 and mycP5 of Mycobacterium marinum. The chimeric protein was
shown to be stable, functional and part of the ESX-5 membrane complex, confirming that
MycP5 functions in close proximity to EccB5. Furthermore, by introducing an eccB5mycP5 chimeric construct in the previously described esx-5 system of Mycobacterium
xenopi, reconstituted in M. smegmatis (23), we were able to purify stable and functional
ESX-5 complexes with the EccB5-MycP5 fusion protein. This indicates that MycP5 is an
integral component of this recombinant complex.
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Results
An eccB5-mycP5 fusion gene can functionally complement a mycP5 knockout of M.
marinum
As there is no functional or structural data on the T7S system of B. dentium we set out to
study the functioning of a corresponding fusion gene of eccB5 and mycP5 of the M.
marinum ESX-5 system. We created a chimeric protein analogous to the B. dentium fusion
protein (Figure S1), where we fused full-length MycP5, lacking the N-terminal signal
sequence to the C-terminus of full length EccB5 (B5P5m, Figure 1B). To be able to identify
this chimeric product, we also included an HA-tag at the C-terminal end. We introduced
the corresponding chimeric gene into a mycP5 knockout of M. marinum. As MycP5 and all
other structural components of the ESX-5 system are essential for growth, this essentiality
was alleviated by the co-expression of the MspA porin from M. smegmatis (14). As
previously described (22), deletion of mycP5 results in a complete loss of ESX-5 secretion,
which is illustrated by the absence of PE_PGRS proteins in the pellet and culture
supernatant (Figure 1C) and the absence of the ESX-5 substrate EsxN in the culture
supernatant (Figure S2A). Introduction of wild-type mycP5 restored secretion to wild-type
levels (P5m & WT, Figure 1C & S2A). Interestingly, also the introduction of the eccB5mycP5 fusion in the mycP5 knockout resulted in full complementation, i.e., restoring the
secretion of the PE_PGRS proteins and EsxN (B5P5m, Figure 1C & S2A).
We could also detect the chimeric protein itself by immunoblotting, using antibodies
recognizing the C-terminal HA-tag (B5P5m, Figure 1D). However, we only observed a
protein band of the same size as detected for wild-type MycP5, representing a C-terminal
fragment of ~37 kDa (B5P5m, Figure 1D). Since we previously showed that wild-type
MycP5 is processed in a region of the protease domain called loop 5 (Figure 1B) (32), a
similar processing event seems to occur for the EccB5-MycP5 fusion protein. To allow the
detection and functionality of the entire fusion protein we removed the loop 5 extension,
as we have previously established that this region is not required for MycP5 stability or
functionality (P5ΔL5m, Figure 1B, 1C, 1D & S2A) (32). Indeed, removing this loop from
our fusion protein did not affect ESX-5 secretion (B5P5ΔL5m, Figure 1B, 1C & S2A).
Furthermore, this protein was stable and detectable by its HA-tag at an MW of ~110 kDa,
corresponding to the predicted size for this modified fusion protein (B5P5ΔL5m, Figure
1D). We also observed an HA signal at <10 kDa for both fusion proteins, with and without
loop 5, most likely representing the C-terminal TM domain of MycP5. Apparently, the
fusion protein is partially processed. The two fusion proteins, i.e. with and without loop
5, were also readily detected with anti-EccB5 antibodies at the expected MW, i.e. a ~90
kDa band for B5P5m, as the ~37 kDa C-terminal MycP5 fragment is cleaved off in this
construct, and a ~110 kDa band for the unprocessed B5P5ΔL5m (Figure 1D). The antiEccB5 signals were relatively weak for the fusion proteins, as compared to the signal of
EccB5 (Figure 1D).
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Figure 1. EccB5-MycP5 fusion proteins are able to complement ESX-5 secretion by an M. marinum
mycP5 knockout strain. (A) Comparison of the B. dentium T7S and the M. marinum esx-5 gene
clusters. Conserved membrane components are depicted in colors: eccB in yellow, eccC in purple,
eccD in red, eccE in green and mycP in blue. The eccB gene forms a chimeric gene with a mycP
copy in the B. dentium T7S cluster. (B) Schematic overview of the chimeric fusion constructs of
eccB5 (yellow) and mycP5 (blue) with a C-terminal HA-tag (green). The constructs contain the
following regions: TM, encoding for an N-terminal TM domain of EccB5 and a C-terminal TM
domain of MycP5; S, N-terminal signal sequence of MycP5, removed for the fusion proteins; N, Nterminal extension of MycP5; L, Loop 5 extension in the protease domain of MycP5. (C) Immunoblot
analysis of cell pellets and supernatants of wild-type (WT) M. marinum and a mycP5 knockout strain,
complemented with the constructs depicted in the cartoon in Figure 1B. Proteins were visualized
with anti-PE_PGRS (ESX-5 substrates), anti-EsxA (ESX-1 substrate, supernatant loading control)
and anti-GroEL2 (cytosolic loading control). (D) Immunoblot analysis of cell envelope fractions of
wild-type (WT) M. marinum and a mycP5 knockout strain, complemented with the constructs
described in Figure 1B. Proteins were visualized with anti-HA (complementation proteins), antiEccB5, anti-EccE5, anti-EccC5 and anti-FtsH (loading control). Bands that correspond to the
(processed) EccB5-MycP5 fusion proteins are depicted with an asterisk (*). Additional processed
products are depicted with an arrow head (>).
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Finally, we confirmed that the mycP5 deletion and our chimeric construct did
not have any effects on the expression levels of two other ESX-5 complex components,
i.e. EccC5 and EccE5 (Figure 1D). We postulated that the weaker EccB5 signals for the
fusion proteins could be a detection issue since the EccB5 antibodies were raised against
a peptide covering the most C-terminal part of EccB5 (21). The fusion of MycP5 to the
C-terminus of EccB5 could, therefore, affect the efficient binding of these antibodies. To
test this, we overexpressed both EccB5 and EccB5 fused to the N-terminal cleaved
domain of MycP5 in Escherichia coli and analyzed serial dilutions of whole-cell lysates
of the overexpressing strains by SDS-PAGE followed by Coomassie staining or
immunoblotting (Figure S3). Indeed, weaker anti-EccB5 signals were observed for the
EccB5-MycP5 fusion protein compared to EccB5, showing that the C-terminus of EccB5
is less efficiently recognized by the antibody when fused to MycP5.

Figure 2. EccB5-MycP5 fusion proteins are able to complement ESX-5 complex formation in an M.
marinum mycP5 knockout strain. (A & B) Immunoblot analysis of Blue-Native PAGE separated
protein (complexes) from cell envelope fractions of wild-type (WT) M. marinum and a mycP5
knockout, complemented with the constructs described in Figure 1B. The immunoblots were stained
with anti-EccB5 (A) and anti-HA (B). Bands that correspond to the full ESX-5 complex are depicted
with an asterisk (*).

Next, we investigated whether our chimeric fusion construct was successfully
incorporated into the ESX-5 complex. As previously shown (22), the ESX-5 complex is
detectable with BN-PAGE analysis at an MW of ~1.8 MDa in the wild-type M. marinum
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strain after membrane extraction using the mild detergent DDM, whereas complex levels
are strongly reduced in the mycP5 knockout (Figure 2A). The introduction of an exogenous
wild-type mycP5 copy or the truncated gene lacking the region encoding the loop 5
extension restored complex formation (P5m, P5ΔL5m Figure 2A). While we were able to
detect the ESX-5 complex in the ∆mycP5 strains expressing MycP5 with and without loop
5 (P5m, P5∆L5m) using the EccB5 antibody, for our fusion constructs (B5P5m, B5P5ΔL5m)
the resulting EccB5 signals were reduced. However, this is most likely again a result of
the inefficient binding of the EccB5 antibody to the fusion protein, particularly under these
native conditions. Therefore, this does not need to represent a reduced amount of stable
ESX-5 complexes, especially considering the observation that these strains were capable
of ESX-5 secretion. Indeed, when we used antibodies recognizing the HA-tag that was
fused to the C-terminus of MycP5, we observed a signal at a size corresponding to the
ESX-5 complex for both EccB5-MycP5 fusion proteins (B5P5m, B5P5ΔL5m, Figure 2B).
In contrast, for the wild-type MycP5 and the MycP5 truncation lacking loop 5 (P5m,
P5ΔL5m), we only detected HA-signals at a lower MW of 100-150 kDa (Figure 2B). These
results show that the C-terminal HA tag and subsequently MycP5 is now indeed stably
incorporated into the ESX-5 membrane complex.
In a previous study, we showed by using domain exchange experiments between
MycP1 or MycP5 that the system-specific function of mycosin is mediated both by its
protease and TM domain (31). As our fusion protein enforces the interaction between
MycP5 and the ESX-5 complex, we wondered whether both domains were still required
and system-specific. In order to determine this, we created additional chimeric constructs,
using (domains of) MycP1 to replace (the corresponding domains of) MycP5 (Figure S4A).
Whereas the chimeric protein of EccB5 and MycP1 was stably produced (B5P1m, Figure
S4C), it was not capable of restoring ESX-5 secretion in the mycP5 knockout strain (Figure
S4B). We also removed the C-terminal TM domain (B5P5ΔTMm) and exchanged specific
domains between MycP1 and MycP5 (B5P5TM1m & B5P1TM5m) (Figure S4B). However,
none of these constructs complemented ESX-5 secretion in the mycP5 knockout. This
shows that both the protease and TM domain are still required and function in a systemspecific fashion. Interestingly, we previously observed that removing the TM domain of
wild-type MycP5 results in higher protein levels compared to full-length MycP5 (32). This
effect was not observed for the B5P5 fusion, as the fusion protein lacking the TM domain
of MycP5 was not detectable by the C-terminal HA-tag or by using anti-EccB5 (Figure
S4C). A second interesting observation was that the chimeric protein of EccB5 and MycP5
with the TM domain of MycP1 (B5P5TM1m) was partially active; although we could not
observe ESX-5 secretion, the production of this fusion protein did alleviate the essentiality
of MspA in the mycP5 knockout strain (Table S1). This was similar to what we previously
observed for the hybrid protein of MycP5 with the TM domain of MycP1 (P5TM1m) (32).
This result indicates that the TM domain of MycP1 can take over the role of the native TM
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domain of MycP5 to a minor extent. Of note, while the HA-antibodies failed to detect this
fusion protein, the EccB5 antibodies recognized a protein adduct that corresponds to the
N-terminal processed portion of the fusion construct, similarly as seen for the full-length
EccB5-MycP5 fusion. This indicates that the HA-tag might be cleaved off in this case.

Figure 3. EccB5-MycP5 fusion proteins are able to complement ESX-5 secretion by an M. marinum
eccB5 knockout strain. (A) Schematic overview of chimeric constructs of eccB5 (yellow) and mycP5
(blue) with a C-terminal HA-tag (green). For a further explanation of the depicted regions, see Figure
1B. (B) Immunoblot analysis of cell pellets and supernatants of wild-type (WT) M. marinum and an
eccB5 knockout strain, complemented with the constructs depicted in the cartoon in Figure 3A.
Proteins were visualized with anti-PE_PGRS (ESX-5 substrates), anti-EsxA (ESX-1 substrate,
supernatant loading control) and anti-GroEL2 (cytosolic loading control). (C) Immunoblot analysis
of cell envelope fractions of wild-type (WT) M. marinum and an eccB5 knockout strain,
complemented with the constructs described in Figure 3A. Proteins were visualized with anti-HA
(complementation proteins), anti-EccB5, anti-EccE5, anti-EccC5 and anti-FtsH (loading control).
Bands that correspond to the (processed) fusion proteins of EccB5-MycP5 are depicted with an
asterisk (*). Additional processed products are depicted with an arrow head (>).
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The full-length eccB5-mycP5 fusion gene complements an eccB5 knockout of M.
marinum
As we have now established that the EccB5-MycP5 fusion protein is stable and capable of
complementing the mycP5 knockout, we set out to determine whether the fusion protein
can also functionally replace the role of endogenous EccB5 in the ESX-5 complex. For
this we created an eccB5 knockout in M. marinum expressing MspA via allelic exchange,
which resulted in the absence of EccB5 in this mutant (-, Figure 3C). As expected, this
eccB5 mutant was also not capable of ESX-5 secretion, as shown by the absence of the
PE_PGRS proteins and EsxN in the supernatant (Figure 3B and S2B). The introduction of
a wild-type eccB5 copy restored full ESX-5 secretion (B5m, Figure 3B and S2B) and EccB5
levels (Figure 3C). However, while we observed a strong decrease in EccC5 levels for the
eccB5 knockout (Figure 3C), we only observed a partial restoration of EccC5 levels upon
complementation with EccB5, which was apparently sufficient for secretion.
Next, we introduced our two chimeric eccB5-mycP5 genes (with and without loop 5) in
the eccB5 knockout to determine whether these fusion proteins could functionally
complement this mutant. Our full-length fusion construct (B5P5m, Figure 3A) was capable
of restoring secretion and the processed C-terminal fragment was detectable by its HAtag, similar as observed when the same construct was introduced in the mycP5 knockout
(Figure 3B, S2B and 3C). Unexpectedly, the fusion gene lacking the region encoding for
the loop 5 extension of MycP5 was not capable of restoring ESX-5 secretion in the eccB5
mutant (B5P5ΔL5m, Figure 3B and S2B), while this fusion protein could be detected by
its HA-tag (Figure 3C). Apparently, this fusion protein, which was able to complement
the mycP5 mutant, is not capable of taking over the function of EccB5. Indeed, in the
absence of MspA, this construct was also not able to mediate the growth of the eccB5
knock-out strain (Table S1). Similar to the results for the mycP5 knockout, we observed
weak immunoblot signals when using the EccB5 antibodies for both fusion proteins. The
observed signals were at the expected MW of the processed N-terminal part (for B5P5m)
and full length (for B5P5ΔL5m) fusion proteins. Additional bands running at a MW
slightly higher than wild-type EccB5 (at ~58 kDa) could be observed, which possibly
represent full-length EccB5, including small N-terminal part(s) of MycP5. Our combined
results showed that MycP5 can still carry out its essential function in ESX-5 secretion
when fused to EccB5. In contrast to this, the eccB5 knockout could only be complemented
by the processed fusion protein (B5P5m), indicating that the unprocessed fusion protein
(B5P5ΔL5m) affects the functionality of EccB5. Notably, the ~58 kDa processed form of
B5P5ΔL5m is also not able to complement secretion in this case. The observation that this
product is present in comparable amounts for both fusion proteins suggests that this
processed form is not responsible for restoring secretion by the ∆eccB5 mutant
complemented with the processed fusion protein (B5P5m).
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Figure 4. EccB5-MycP5 fusion proteins are able to mediate secretion by the reconstituted ESX-5
system of M. xenopi. (A) Comparison of the WT M. xenopi ESX-5 gene cluster (esx-5x) and the
cluster with the eccB5-mycP5 fusion construct (esx-5::B5P5x). Conserved membrane components are
depicted in colors: eccB in orange, eccC in purple, eccD in brown, eccE in grey and mycP in blue.
(B) Schematic overview of chimeric constructs of eccB5 (orange) and mycP5 (purple) with a Cterminal HA-tag (green). For a further explanation of the depicted regions, see Figure 1B. (C)
Immunoblot analysis of cell pellets and supernatants of wild-type (WT) M. smegmatis and WT M.
smegmatis with the esx-5 region of M. xenopi (esx-5xenopi). ΔP5x, deletion of mycP5 from the M.
xenopi esx-5 region. The remaining labels (P5 to B5P5ΔL5) are explained in Figure 4B. Both fusion
constructs are inserted in the esx-5 region in the absence of endogenic eccB5 and mycP5. Proteins
were visualized with anti-EsxN (ESX-5 substrates) and anti-GroEL2 (cytosolic loading control). (D)
Immunoblot analysis of cell envelope fractions of the strains also analyzed in Figure 4C. Proteins
were visualized with anti-HA (complementation proteins), anti-EccB5, anti-EccE5, anti-Strep
(EccC5) and anti-FtsH (loading control). Bands that correspond to the (processed) fusion proteins of
EccB5-MycP5 are depicted with an asterisk (*). Additional processed products are depicted with an
arrow head (>).
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MycP5 is required for secretion by ESX-5xenopi and both EccB5 and MycP5 can be
functionally replaced by the fusion construct of eccB5-mycP5xenopi
The functional and structural characterization of our B5P5 fusion protein is severely
limited in M. marinum, due to the fact that we do not have a double knockout of eccB5 and
mycP5 and are only able to purify relatively small quantities of ESX-5 complexes from
this bacterium (21). To circumvent these issues, we changed to a reconstituted ESX-5
system of M. xenopi, which can be functionally expressed in M. smegmatis that lacks ESX5 by nature (24). Notably, in the past, we have tried to functionally reconstitute several
ESX systems from different mycobacterial species in M. smegmatis, but we have only
been successful for the ESX-5 system of M. xenopi so far. This system was previously
used to obtain the first negative-stain EM structure of a T7S membrane complex (23). As
ESX-5 is not essential in this setup and plasmid-encoded, we can more easily exchange or
remove regions, e.g. allowing the creation of a double deletion of eccB5 and mycP5. In
addition to this, we can purify larger quantities of the ESX-5 complex due to the relatively
high expression of the complex components. In order to confirm that MycP5 is also
essential for the functionality of this ESX-5 system, we first removed the mycP5 gene from
the plasmid-encoded esx-5 locus (ΔP5x). When we introduce the esx-5xenopi gene locus in
M. smegmatis, we can monitor the functionality by the secretion of the ESX-5 substrate
EsxN, which is also encoded by the esx-5 gene cluster, into the supernatant (-, Figure 4C).
The mycP5 deletion resulted in a complete absence of EsxN in the supernatant, although
it was still produced and detectable in the pellet fraction (ΔP5x, Figure 4C). We could
restore the secretion by reintroducing a wild-type mycP5 copy of M. xenopi or the truncated
variant without the loop 5 extension, both including a C-terminal HA-tag, in the esx-5
gene cluster at the site where mycP5 was removed (P5x & P5ΔL5x, Figure 4A, 4B & 4C).
Similar as for M. marinum, MycP5 of M. xenopi is also processed in this system, which
can be prevented by removing loop 5 (P5x & P5ΔL5x, Figure 4D HA). Together, these
results show that MycP5 of M. xenopi is required for secretion by the reconstituted M.
xenopi system in M. smegmatis.
Next, we removed the eccB5 gene in the modified esx-5 gene locus, already missing
mycP5, and introduced the fusion construct of eccB5 and mycP5 from M. xenopi in the esx5 cluster, at the site where eccB5 was removed (B5P5x, Figure 4A). Again, we used the
two different versions of the chimeric gene, either consisting of the full mature genes fused
together or a fusion gene in which the loop 5 of mycP5 was deleted. These chimeric
proteins were produced similar to the constructs we created for M. marinum (B5P5x &
B5P5ΔL5x, Figure 4B). Interestingly, both fusion constructs resulted in a functional ESX5 system, as shown by the secretion of EsxN into the supernatant (B5P5x & B5P5ΔL5x,
Figure 4C). These results show that both EccB5 and MycP5 of M. xenopi are still functional
when fused to each other. We were also able to detect both fusion proteins at levels
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comparable to HA-tagged MycP5 (Figure 4D), although we again observed a (small)
population of low MW HA-tagged truncations (<10 kDa), similar to what we observed in
M. marinum. The binding of the EccB5 antibody to these fusion proteins proved even less
efficient as compared to our results in M. marinum (Figure 4D). We also analyzed the
levels of the complex components EccE5 and the strep-tagged EccC5, as the genes
encoding these proteins are directly downstream of mycP5 and eccB5, respectively. In all
tested strains both these proteins were readily detected (Figure 4D). To further confirm
that our fusion proteins are functional components of the ESX-5 complex we extracted
ESX-5 complexes from cell envelope fractions using the mild detergent DDM. We were
able to detect the ~2 MDa ESX-5 complex when we introduced the wild-type esx-5xenopi
gene cluster in M. smegmatis (Figure S5A), similarly as shown by Beckham et al. (23).
Different from M. marinum, the effect of the mycP5 deletion on ESX-5 stability was
smaller, as we could still detect substantial amounts of the ESX-5 complex (ΔP5x, Figure
S5A). However, the reintroduction of both full-length mycP5 (P5x) and the truncated copy
(P5ΔL5x) resulted in ESX-5 complex levels comparable to the wild-type esx-5xenopi sample
(Figure S5A). For both fusion constructs we were unable to detect the ESX-5 complex
when we stained for EccB5, again most likely due to the inefficient binding of the antibody
to our fusion proteins (B5P5x, B5P5ΔL5x, Figure S5A). In contrast to this, we were able
to detect the ESX-5 complex when we stained for the C-terminal HA-tag of the fusion
proteins (B5P5x, B5P5ΔL5x, Figure S5B), whereas we only observed a low MW signal
for the HA-tagged MycP5 proteins (P5x, P5ΔL5x, Figure S5B). Taken together, we
conclude that MycP5 is functional when fused to EccB5 and that the fusion proteins are
incorporated into the ESX-5 complex of M. xenopi.
Isolation of the ESX-5 complex of M. xenopi with the EccB5-MycP5 fusion protein
Next, we tested whether the addition of MycP5 to the ESX-5 complex affected the structure
of the ESX-5 complex. The model based on the negative stain EM image of the ESX-5
complex and the recent high-resolution structure of an ESX-3 sub-complex (26), both
without MycP5, indicates that EccE5 is located on the periphery of the complex (23). Based
on this, we hypothesized that the addition of MycP5, which has a large periplasmic domain,
to the ESX-5 complex might reduce the exposure of EccE5. To determine whether this was
indeed the case, we analyzed the accessibility of EccE5 by exposing isolated cell envelope
fractions of M. smegmatis with esx-5xenopi to trypsin and Proteinase K. For these
experiments, we used both the HA-tagged MycP5 truncation, lacking the loop 5 extension
(P5ΔL5x), and the fusion constructs without loop 5 (B5P5ΔL5x). We did not observe a
noticeable difference in the degradation pattern of EccE5 after incubation with Proteinase
K and only some minor differences after treatment with low amounts of trypsin (2 and 10
µg/mL) (Figure S6). This result indicates that the addition of the fusion protein to the ESX5 complex does not have a major impact on the accessibility of EccE5.
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Figure 5. EccB5-MycP5 fusion proteins
are able to mediate membrane complex
formation of the reconstituted ESX-5
system of M. xenopi. (A) Immunoblot
analysis of the input and elution of a
Strep-Tactin pulldown from DDMsolubilized cell envelope fractions of
wild-type M. smegmatis (WT) and M.
smegmatis with the esx-5 region of M.
xenopi (esx-5xenopi). For a further
explanation of the labels, see Figure 4B
and 4C. Blots were stained with anti-HA
for the C-terminal HA-tag of the EccB5MycP5 fusion protein, anti-EccB5, antiStrep (EccC5), anti-EccE5, anti-EccD5
for the ESX-5 complex components,
and anti-FtsH as a loading control. (B &
C) BN-PAGE and immunoblot analysis
of elution fractions of the Strep-Tactin
pulldown, stained with anti-Strep for
EccC5 (B) or anti-HA for the C-terminal
HA-tag of the EccB5-MycP5 fusion
protein (C). (D) CBB stained SDSPAGE analysis of the elution fractions
of the pulldown. Bands corresponding
to the predicted MW of wild-type
EccB5, EccC5, EccD5 and EccE5 are
labeled. Bands that correspond to the
MW of the (processed) fusion proteins
of EccB5-MycP5 are depicted with an
asterisk (*).
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Finally, we performed a pulldown using the Strep-tag on EccC5 to confirm that our
fusion proteins were stable components of the ESX-5xenopi complex. As previously shown,
MycP5 is not co-purified at detectable levels in the wild-type ESX-5 complex, using our
established purification procedure (21–23). Indeed, when we repeated the Strep-pulldown
with our HA-tagged non-fused MycP5 or the truncation without loop 5, we were unable to
detect these proteins in the eluate of the pulldown procedure (P5x, P5ΔL5x, Figure 5A;
HA). In contrast, we could specifically stain for the co-purified EccB5, EccD5 and EccE5
(Figure 5A). However, when we deleted mycP5 and replaced eccB5 with our chimeric
fusion constructs, we could stain for the HA-tagged fusion proteins in the elution fractions
(B5P5x, B5P5ΔL5x, Figure 5A; HA), showing that the fusion proteins were specifically
copurified with EccC5. While EccD5 and EccE5 were detectable at comparable levels as in
the wild-type elution samples, we were no longer able to stain for EccB5, again most likely
due to the inability of the antibody to bind to the fusion proteins (Figure 5A). We
subsequently determined whether the (co)-purified membrane components still formed a
stable complex by stabilizing the complex using amphipols (A8-35), followed by BNPAGE analysis. By staining for the C-terminal Strep-tag of EccC5, we were able to detect
the 1.8 MDa ESX-5 complex for the purifications in the presence of the wild-type and the
truncated MycP5 (P5x & P5ΔL5x, Figure 5B), and also for the samples with the EccB5MycP5 fusion proteins (P5x & P5ΔL5x, Figure 5B). This confirmed that the fusion proteins
are efficiently incorporated into the complex. Interestingly, we could observe a slight
upward shift of the high MW band of the ESX-5 complex for the fusion protein samples,
which was expected as these complexes have an additional component compared to the
other purified ESX-5 complexes, i.e. MycP5. Furthermore, we were able to efficiently stain
for the C-terminal HA-tag of the truncated fusion protein that lacked the loop 5 extension
(B5P5ΔL5x, Figure 5C), but not for the full-length fusion protein (B5P5x, Figure 5C). As
we could detect this HA-tagged fusion protein both by SDS-PAGE analysis of purified
complexes (B5P5x, Figure 5A) and by BN-PAGE analysis of solubilized cell envelope
fractions (Figure S5B), we expect that a C-terminal MycP5 fragment was lost during the
amphipol exchange step. Finally, we were able to identify the different Ecc components
after CBB-staining in the eluates of the non-fusion samples. The fusion protein samples
showed besides similar amounts of EccC5 and EccD/E5 additional bands, including bands
that correspond to the MW of the (processed) fusion proteins (marked with an *, Figure
5D). The remaining bands probably are processed fragments of the fusion protein (Figure
5D). As the size and quantity of the ESX-5 membrane complex were not decreased (Figure
5B), suggesting that all EccB5 subunits are still properly incorporated into this complex,
the extra truncates probably represent the N-terminal fragments consisting of full-length
EccB5 and (a part of) the N-terminal extension of MycP5. The fact that these fragments
were not detected by the EccB5 antibodies (Figure 5A) is again most likely due to the
inability of these antibodies to bind to the fusion protein. Our combined results show that
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MycP5 and EccB5 can form a functional fusion-protein, which is a stable part of the ESX5 membrane-embedded secretion complex. Based on this, we can conclude that MycP5
and EccB5 carry out their essential functions in close proximity to each other, strongly
suggesting that MycP5 interacts with EccB5.

Discussion
We have previously shown that mycosins are involved in the stabilization of their
respective ESX complex, while not being required for the assembly of this complex (22).
In a follow-up study, we subsequently showed that both the protease and TM domain of
MycP are involved in this essential function (32). However, as mycosins only have a loose
or transient interaction with the ESX complex, requiring crosslinking to stabilize and
visualize this association, we were unable to determine the complex components that
interact with mycosin in these previous studies. Here, we used the B. dentium T7S cluster
that contains an eccB-mycP chimeric gene as a basis to further study the interaction
between MycP5 and the ESX-5 complex (Figure 1A).
We mimicked the B. dentium gene by fusing eccB5 and mycP5 of M. marinum, while
removing the DNA fragment that is coding for the signal sequence of MycP5. This resulted
in a stable protein, which was capable of complementing ESX-5 secretion in both a mycP5
and an eccB5 knockout of M. marinum. In addition, the MycP5 portion of the fusion protein
was still fully processed in the loop 5 extension of the protease domain, which is indicative
of the proper folding of this domain. As we previously observed that deleting this loop 5
extension did not affect MycP5 functionality (32), it was rather unexpected that the fusion
construct without this extension did not restore ESX-5 secretion in the eccB5 knockout.
Furthermore, as we observed comparable expression levels in both the eccB5 knockout
and in the mycP5 knockout, this difference is likely related to EccB5 functioning. Possibly
the deletion of the loop 5 extension slightly affects the structure or conformation of the
fusion protein and that this compromises the functionality of the EccB5 part. Recent
studies report high-resolution structures of an ESX-3 sub-complex, which show that the
C-terminal domain of EccB3 forms so-called forks that are extending from the periplasmic
side of the ESX-3 core structure (26, 27). This extension would allow the fusion of EccB
to the periplasmic domain of MycP. As the authors propose that the fork formed by EccB
functions as the periplasmic gate, a possible decreased flexibility of B5P5ΔL5m could
interfere with this function of EccB, explaining why the deletion of the loop 5 region in
the fusion protein affects the functionality of EccB5. As the orthologous unprocessed
fusion protein of the M. xenopi system did complement ESX-5 secretion, the M. xenopi
variant might be more flexible to allow the EccB5 portion to carry out its function.
Interestingly, we also observed a strong decrease in EccC5 levels for the eccB5
knockout (Figure 3C), either due to a decreased expression as eccB5 and eccC5 form an
operon, or due to a decreased stability because EccB5 is required for the formation of the
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membrane complex and in that way stabilizes EccC5. Although EccC5 was still present at
reduced levels when we introduced the eccB5 or eccB5-mycP5 construct, ESX-5 secretion
was fully restored to wild-type levels (Figure 3B). This indicates that the ESX-5 complex
or its components do not have to be present at wild-type levels to mediate full ESX-5
secretion. Finally, the T7S cluster of B. dentium contains an additional mycP copy besides
the eccB-mycP fusion gene. One could therefore argue that the eccB5 knockout strain
expressing the fusion construct is most representative for the B. dentium system, although
the functional analysis of T7S in B. dentium still has to be initiated.
Although the two fusion proteins were stable in the two M. marinum mutants, we could
observe slight differences in the protein levels, i.e. the fusion protein lacking the loop 5
extension showed more intense HA-signals compared to the full-length fusion protein in
the mycP5 knockout (Figure 1D). Interestingly, this was inversely correlated with the
presence of a small HA-stainable protein fragment (<15 kDa), which repeatedly showed
slightly higher signals for the full-length fusion compared to the loop 5 deletion. Based on
the size, we expect that this fragment consists of the C-terminal TM domain, the short
positively charged cytoplasmic tail of MycP5 and the HA-tag. While the reason for this
processing event remains unclear, it is interesting that we were unable to obtain full-length
fusion protein when the TM domain of MycP5 was genetically deleted (Figure S4B). This
is in contrast to our previous study that showed that a similar deletion of the TM domain
in unfused MycP5 resulted in elevated protease levels (32). While only a small portion of
the fusion protein population is sensitive to the processing of the C-terminal TM domain,
the protease domain in the fused protein is apparently highly sensitive to protease digestion
when lacking the C-terminal membrane anchor. In addition, using chimeric fusion
constructs, in which (domains of) mycP5 were replaced by (the equivalent parts of) mycP1,
we could observe that both the protease and TM domain of MycP5 remain system-specific
when fused to EccB5, similarly as we showed before for unfused MycP5 (32). From these
combined results, we conclude that the C-terminal TM domain of the fusion constructs is
crucial for mediating secretion in the mycP5 mutant strain.
The introduction of the eccB5-mycP5 chimeric gene in the esx-5 region of M. xenopi
allowed us to investigate the functionality of the fusion protein in the absence of both
endogenic EccB5 and MycP5 proteins. This analysis clearly confirms that the expression
of the fusion construct, both with and without the loop 5 extension, is capable of
complementing the function of these two proteins. The subsequent protein pulldown on
EccC5 additionally showed that the full-length fusion protein is a stable component of the
(purified) ESX-5 complex and does not negatively affect the interaction of EccC5 with the
other Ecc components, i.e. EccD5 and EccE5 or the stability of the ESX-5 complex. The
CBB stain of the pulldown samples showed that each of the two fusion proteins is present
as the full-length protein and several processed forms. One of the more dominant
processed forms (of ~58 kDa) probably consists of the full-length EccB5 and a small N111
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terminal part of MycP5. We could detect an EccB5 immunoblot signal with a similar MW,
probably representing the same truncation, when the fusion constructs were expressed in
the eccB5 mutant of M. marinum. Importantly, the number of truncated copies was
apparently not high enough to complement ESX-5 secretion by the eccB5 mutant
expressing the fusion protein with the loop 5 deletion. Based on these observations, we
hypothesize that MycP5 is present in the ESX complex in lower numbers than EccB5, and
therefore that only part of the fusion protein population requires MycP5 to establish a
functional ESX-5 complex. The remaining population of fused mycosins could interfere
with the proper architecture and/or functioning of the complex, thereby triggering the
observed processing events.
Together, our results show that MycP5 can carry out its essential function within T7S
in close proximity of EccB5, strongly indicating that EccB5 is the direct interaction partner
of MycP5. Future research will focus on using this work for further structural
characterization of MycP5 in the context of the ESX-5 complex. This analysis will also
assess our hypothesis that MycP5 is present in lower copy numbers than the other complex
subunits.

Materials & Methods
Bacterial strains and culture conditions
For all M. marinum experiments, strain MUSA (34) was used. The mycP5 knockout of this
strain has been described previously (14,22). The eccB5 knockout of M. marinum M was
created by allelic exchange using the phage pHAE159 (35), similarly as previously
described for other knockouts, including mycP5 (14). The construct used for the allelic
exchange was created with the In-Fusion enzyme and the primers EccB5 KO LF, EccB5
KO LR, EccB5 KO RF, and EccB5 KO RR (Table S2). The resulting chromosomal
deletion of eccB5 was confirmed by PCR analysis and sequencing. M. marinum M and the
derived knockout mutants were grown at 30 °C on 7H10 agar supplemented with 10%
Middlebrook OADC (BD Biosciences) or in 7H9 liquid medium supplemented with 10%
Middlebrook ADC (BD Biosciences) and 0.05% Tween-80 at 150 rpm. For the M.
smegmatis experiments, strain MC2155 was used, which was grown at 37 °C on 7H10 agar
with 10% Middlebrook OADC or in LB liquid medium supplemented with 0.05% Tween80 at 150 rpm, unless otherwise specified. Escherichia coli DH5α was used for DNA
cloning and grown at 37 °C on LB agar or in LB liquid medium at 200 rpm. When
appropriate, the medium was supplemented with the following antibiotics: kanamycin 25
µg ml-1, hygromycin 50 µg ml-1 and streptomycin 35 µg ml-1.
Cloning
The mycP5 and eccB5 genes, used for the complementation of the knockout mutants in M.
marinum, were amplified from M. marinum M genomic DNA, using anchored primers
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(EcoRI and HindIII, Table S1). The chimeric genes with the HA-tag were created with
nested primers (Table S1). The hybrid mycP fragments used in the chimeric eccB5-mycP5
genes (Figure S4) were amplified from the corresponding mycP constructs of a previous
study (32). The resulting constructs were digested with EcoRI and HindIII and ligated into
pMV361 (36). The pMV-ESX-5xenopi plasmid used in this study has been described by
Beckham et al. (23) and was used as the template for all mycP5xenopi and eccB5xenopi
constructs and modifications. Due to the size and low frequency of unique restriction sites,
most cloning steps required multiple steps and thus will be described in more detail. The
deletion of mycP5 from this plasmid was done by two separate PCR steps (primers:
MYCP5MX NDEI FW in combination with MYCP5MX KO NEST REV; MYCP5 KO
NEST FW in combination with MYCP5MX MLUI REV; sequence of primers shown in
Table S1) of which the resulting products were subsequently combined into one PCR
fragment (using MYCP5MX NDE FW/MYCP5MX MLUI REV; Table S1). The resulting
product was digested with NdeI and MluI and ligated into similarly digested pMV-ESX5xenopi.
The eccB5-mycP5 fusion gene was inserted via a combination of four PCR reactions
and multiple digests and ligations. First the fusion gene was amplified by two separate
PCR reactions (using the primer sets B5P5MX PAC FW/B5P5MX NEST REV and
B5P5MX NEST FW/MYCP5MX HA NHEI REV; see Table S1). The resulting two
fragments were linked with a third PCR step (using B5P5MX PAC FW/P5MX HA NHEI
REV; see Table S1). In parallel to this, a fourth PCR reaction was performed (using
B5P5MX HA NHEI FW/B5P5MX AFLIII REV; see Table S1). After this, the products
from the third and fourth PCR reaction were digested with NheI and ligated to each other.
The subsequent ligation fragment was digested with PacI and AflIII and ligated into
similarly digested pMV-ESX-5xenopiΔmycP5. Thus, the resulting plasmid contained the
mycP5 deletion and had eccB5 replaced by the fusion construct, including a DNA sequence
encoding a C-terminal HA-tag. For the deletion of the loop 5 extension, the second PCR
step was preceded by two reactions, adding two nested primers to remove the region
encoding this extension (using MYCP5MX DL5 NEST REV/MYCP5MX DL5 NEST
FW; see Table S1).
Finally, we created the two pMV-ESX-5xenopi plasmids with C-terminal HA-tagged
mycP5. The generation of these constructs required two PCR reactions (1: using
MYCP5MX NDEI FW/MYCP5MX HA NHEI REV; 2: using MYCP5MX HA NHEI
FW/ MYCP5MX MLUI REV; see Table S1). Again, for the removal of the region
encoding the loop 5 extension, the first PCR step was preceded with two reactions,
similarly as was done for the fusion gene. The two PCR fragments from reactions 1 and 2
were digested with NheI and ligated together. The resulting ligation fragment was digested
with NdeI and MluI and ligated into similarly digested pMV-ESX-5xenopi. Thus, wild-type
mycP5 was replaced by the constructs, including the HA-tags. Phusion DNA polymerase
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(New England Biolabs) was used for all PCR reactions and all generated PCR fragments
and constructs were checked by sequencing of the (amplified) regions.
M. marinum and M. smegmatis protein secretion
M. marinum was grown in 7H9 liquid medium supplemented with 0.05% Tween-80 and
ADC until mid-logarithmic phase (OD600 of 1-1.5), after which the cells were washed and
inoculated in 7H9 liquid medium supplemented with 0.2% dextrose, 0.2% glycerol, and
0.05% Tween-80 to an OD600 of 0.5. Cells were harvested after 16 hours of growth (10
minutes 3000 rcf), washed with ice-cold PBS and resuspended in SDS loading buffer
(Pellet). The supernatant was filtered (0.45 µm) and the proteins precipitated with
trichloroacetic acid and resuspended in SDS loading buffer (Supernatant). M. smegmatis
was directly inoculated in 7H9 liquid medium supplemented with 0.2% dextrose, 0.2%
glycerol and 0.05% Tween-80 and grown until an OD600 of 1-1.5, after which the pellet
and supernatant fractions were prepared similarly as described for M. marinum. Proteins
from the two fractions were incubated at 95 °C for 5 minutes and separated on SDS-PAGE
gels; depending on the predicted protein size, 10 to 16% acrylamide was used. The
proteins were transferred to a nitrocellulose membrane and stained with monoclonal
mouse anti-PE_PGRS (17), anti-EsxA/ESAT-6 (Mab Hyb 76-8) and anti-GroEL2 (C44;
John Belisle, NIH, Bethesda) or polyclonal rabbit anti-EsxN (Mtb9.9) (37).
M. marinum and M. smegmatis cell envelope isolation and BN-PAGE
M. marinum was grown in 7H9 liquid medium supplemented with 0.05% Tween-80 and
ADC until the mid-logarithmic phase (OD600 of 1-1.5). Cells were harvested (10 minutes,
6000 rcf), washed with ice-cold PBS and resuspended in 20 mM Tris pH 8.0, 300 mM
NaCl and 10% (w/v) glycerol (buffer A) prior to high pressure lysis with the One-Shot
Cell disruptor (Constant Systems Ltd) or the Stansted Pressure Cell homogeniser (Stansted
Fluid Power Ltd), depending on the lysate volume. Unbroken cells were pelleted at 3000
rcf and discarded. CE fractions were isolated from the supernatant by centrifugation at
200,000 rcf for 1 h. The resulting CE fraction was resuspended in buffer A and proteins
were solubilized using 0.25% DDM for 30 minutes at 4 °C, after which insoluble material
was pelleted by centrifugation at 200,000 rcf for 30 minutes. The resulting supernatant,
containing the solubilized membrane proteins, was either used directly for BN-PAGE or
incubated with SDS loading buffer at 37 °C for 5 minutes in the case of SDS-PAGE. M.
smegmatis was grown in LB liquid medium supplemented with 0.05% Tween-80 and
0.2% glycerol until mid-logarithmic phase (OD600 of 1-1.5), after which cell envelope
fractions were isolated and treated similarly as described for M. marinum. Proteins were
separated with SDS-PAGE (with 10 to 16% acrylamide) or BN-PAGE on a 3-12%
NativePage Novex Bis-Tris protein gel (Life Technologies). The separated proteins were
transferred to a nitrocellulose (for SDS-PAGE) or PVDF (for BN-PAGE) membrane and
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stained with the appropriate antibodies: anti-HA (HA.11; Covance, BioLegend), antiEccB5 (21), anti-EccE5 (21), anti-EccC5 (21), anti-FtsH (38), and anti-Strep. Apart from
the monoclonal anti-HA antibodies, all antisera are polyclonal and isolated from rabbits.
Limited proteolytic digests with trypsin and Proteinase K
Membrane proteins from isolated cell envelope fractions of M. smegmatis with the ESX5 system of M. xenopi were solubilized and separated from the insoluble fraction as
described above with the addition of 2 mM CaCl2. The protein fractions were either left
untreated or incubated on ice for 1 hour with Proteinase K (Sigma) or Trypsin (Sigma) at
a concentration of 2 to 1000 µg ml-1. The reactions were stopped by the addition of PMSF
at a concentration of 0.1 mM. Subsequently, SDS loading buffer was added, and the
samples were incubated at 95 °C for 15 minutes. The (processed) proteins were separated
on a 12.5% SDS-PAGE gel, transferred to a nitrocellulose membrane and stained with
anti-EccE5.
ESX-5xenopi complex isolation
Solubilized membrane proteins were obtained as described above and incubated with 0.1
mg ml-1 avidin (Sigma) for 15 minutes on ice. Subsequently, the proteins were incubated
with StrepTactin beads (IBA) for 30 minutes, washed with buffer A and eluted with buffer
A supplemented with 10 mM desthiobiotin (IBA). The elution samples were analyzed with
SDS-PAGE or by BN-PAGE, as described above. Prior to BN-PAGE, the DDM was
exchanged with amphipol A8-35 at a 5:1 ratio of amphipols to protein, as described before
(23). Proteins were visualized by CBB or immunostaining with monoclonal mouse antiHA (HA.11, Biolegend) or polyclonal rabbit anti-EccB5, anti-Strep (ab76949, Abcam),
anti-EccE5, anti-FtsH and anti-EccD5 (21) antibodies.
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Figure S2. (A & B) Immunoblot analysis of cell pellets and supernatants of wild-type (WT) M.
marinum and a mycP5 (A) or eccB5 (B) knockout strain, complemented with the constructs depicted
in the cartoon in Figure 1B (for A) and 3A (for B). Proteins were visualized with anti-EsxN (ESX5 substrate).
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Figure S3. Fusion of MycP5 to the C-terminus of EccB5 interferes with EccB5-antibody recognition.
SDS-PAGE and Coomassie staining (top) or immunoblot analysis (bottom) of whole cell lysates of
E. coli strains overexpressing EccB5 (B5) or EccB5 fused to the N-terminal domain of MycP5 until
the loop 5 domain (B5P5*; Figure S1). The corresponding genes were cloned in plasmid pIBAssTorA using NheI and HindIII to create an N-terminal fusion to a TorA-signal sequence forcing
them into inclusion bodies (39). Expression of the constructs was induced for 3 hours at 37 oC using
0.2 µg/ml anhydrotetracycline and a three-fold serial dilution of whole cell lysates were loaded.
Overexpressed proteins were visible at the expected MW (indicated by an <). The blot was stained
with the anti-EccB5 antibody using the same conditions as used for the EccB5 immunoblots in the
main figures.
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Figure S4. (A) Schematic overview of the chimeric fusion constructs of eccB5 (yellow), mycP5 (dark
blue) and mycP1 (light blue) with a C-terminal HA-tag (green). For a further explanation of the
depicted regions, see Figure 1B. (B) Immunoblot analysis of cell pellets and supernatants of wildtype (WT) M. marinum and a mycP5 knockout strain, complemented with the constructs depicted in
the cartoon in Figure S4A. Proteins were visualized with anti-PE_PGRS, anti-EsxN (ESX-5
substrates), anti-EsxA (ESX-1 substrate, supernatant loading control) and anti-GroEL2 (cytosolic
loading control). (C) Immunoblot analysis of cell envelope fractions of wild-type (WT) M. marinum
and a mycP5 knockout strain, complemented with the constructs described in Figure S4A. Proteins
were visualized with anti-HA (fusion proteins), anti-EccB5, anti-EccE5, anti-EccC5 and anti-FtsH
(loading control). Bands that correspond to the (processed) fusion proteins of EccB5-MycP5 are
depicted with an asterisk (*). Additional processed products are depicted with an arrow head (>).
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Figure S5. (A & B) Immunoblot analysis of blue-native PAGE separated protein (complexes) from
cell envelope fractions of WT M. smegmatis (WT) and M. smegmatis with the M. xenopi esx-5
cluster (esx-5xenopi). For a description of the constructs, see Figure 4B. The immunoblots were stained
with anti-EccB5 (A) and anti-HA (B). Bands that correspond to the full ESX-5 complex are depicted
with an asterisk (*).

Figure S6. Immunoblot analysis of Trypsin and Proteinase K treated cell envelope fractions of M.
smegmatis with the esx-5 region of M. xenopi either with wild-type mycP5, mycP5 lacking the region
encoding loop 5 of its protease domain (P5ΔL5x) or the eccB5-mycP5 fusion construct, also without
loop 5 (B5P5ΔL5x). Blots were stained with anti-EccE5. Processed bands that are present in samples
from both fused and non-fused MycP5 conditions after the same protease condition are depicted with
an arrow head (>). Processed products that are different in the two samples after the same protease
condition are depicted with an asterisk (*).
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Table S1. Schematic overview of the activity of the different MycP5 and EccB5 (fusion) constructs
in the M. marinum ΔmycP5 and ΔeccB5 strains. The composition of the constructs is depicted in
Figure 1B, 3A and S4A. (–) and (+) indicate whether these constructs mediate bacterial growth, are
expressed and mediate secretion; nd, not determined.
Compl.
growth
for
ΔmycP5

Expression in
ΔmycP5

P5m

+

P5ΔL5m

5

Compl.
growth
for
ΔeccB5
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+
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-
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-
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-

+

-

nd

nd

nd

m

B5P5TM1
m

P5P1TM5m
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Table S2. List of primer used in this study. M. marinum, mm; M. xenopi, mx.
Name
Sequence (5’ → 3’)
ECCB5 KO LF
ttttttttccataaattggatcgcctcgacacgaaggta
ECCB5 KO LR
ttttttttccatttcttggcggccttgttcagccacgtta
ECCB5 KO RF
ttttttttccatagattggtgaatcgctgtggtggctta
ECCB5 KO RR
ttttttttccatcttttggcctcgatcacaccagtcttg
MYCP5MM ECORI FW
ccggaattccatatgcagcgattcggtaccgtt
MYCP5MM HINDIII HA
gccgaagcttctacgcgtagtccggcacgtcgtacgggtatcgccgcttccgtga
REV
MYCP5ΔLOOP5MM FW
gtgcggcgccggccaacgatgcattcagcgggattg
MYCP5ΔLOOP5MM REV
caatcccgctgaatgcatcgttggccggcgccgcac
ECCB5MM ECORI FW
ccggaattccat atggtggctgaacaaggcc
ECCB5-MYCP5MM FW
agagttggtggtaccgaag atcaatcctccgaccattgat
ECCB5-MYCP5MM REV
cttcggtaccaccaactctatcaatggtcggaggattgat
ECCB5-MYCP1MM FW
agagttggtggtaccgaagatcgatcctccctcgattg
ECCB5-MYCP1MM REV
caatcgagggaggatcgatcttcggtaccaccaactct
MYCP1MM HINDIII HA
gccgaagcttctacgcgtagtccggcacgtcgtacgggtatcggcgcctcagcg
REV
MYCP5ΔTMMM HA REV
gccgaagcttctacgcgtagtccggcacgtcgtacgggtaattgcgctctgcgggcg
ECCB5MM HINDIII REV
gccgaagctttcacttcggtaccaccaactct
MYCP5MX NDEI FW
ggccatatgtagaccgttggcag
MYCP5MX KO NEST REV
gccacccacaccggcgttcacttaccggtaacggatcgc
MYCP5MX KO NEST FW
gcgatccgttaccggtaagtgaacgccggtgtgggtggc
MYCP5MX MLUI REV
ggcacgcgtccggcagatggc
B5P5MX PAC FW
ggcttaattaatgcataacgcgcgt
B5P5MX NEST REV
gaccacggggggagcgatcttcggtaccgccaattcag
B5P5MX NEST FW
ctgaattggcggtaccgaagatcgctccccccgtggtc
MYCP5MX HA NHEI REV
ggcgctagctcgcgtagtccggcacgtcgtacgggtatggctgcctcccttgtcg
B5P5MX HA NHEI FW
ggcgctagcccatgggtggcactgcgc
B5P5MX AFLIII REV
ggccttaagagctttacttctcgaa
MYCP5MX DL5 NEST REV ttgccgcggccccggcacccgatgcgttcaacg
MYCP5MX DL5 NEST FW
cgttgaacgcatcgggtgccggggccgcggcaa
MYCP5MX HA NHEI FW
ggcgctagcatgagagcgcagcgcaggt
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Abstract
Mycobacteria use type VII secretion (T7S) systems to secrete proteins across their highly
hydrophobic diderm cell envelope. Pathogenic mycobacteria, such as Mycobacterium
tuberculosis and Mycobacterium marinum, have up to five of these systems, named ESX1 to -5. Most of these systems contain a set of five conserved membrane components, of
which the four Ecc proteins form the core membrane-embedded secretion complex. The
fifth conserved membrane protein, the mycosin protease (MycP), is not part of the core
complex, but is essential for secretion, as it stabilizes this membrane complex. Here, we
investigated which MycP domain is required for this stabilization by producing hybrid
constructs between MycP1 and MycP5 in M. marinum and analyzed their effect on ESX-1
and ESX-5 secretion. We found that both the protease and transmembrane (TM) domain
are required for the ESX system-specific function of mycosins. In addition, we observed
that the TM domain strongly affects MycP protein levels. We also show that the extended
loops 1 and 2 in the protease domain are probably primarily involved in MycP stability,
whereas loop 3 and the MycP5-specific loop 5 are dispensable. The atypical propeptide,
or N-terminal extension, is required only for MycP stability. Finally, we show that the
protease domain of MycPP1, encoded by the esx-P1 locus on the pRAW plasmid, is
functionally redundant to the protease domain of MycP5. These results provide the first
insight into the regions of mycosins involved in the interaction with and the stabilization
of their respective ESX complexes.
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Introduction
Mycobacteria, including Mycobacterium tuberculosis, have a set of specialized secretion
systems, called type VII secretion (T7S) systems, to secrete proteins across their highly
hydrophobic cell envelope (1). This group of bacteria contains up to five genomic clusters
coding for these T7S systems, named ESX-1 to ESX-5 (1, 2). Three of these systems,
ESX-1, ESX-3 and ESX-5, have been shown to be functional and to play critical roles in
virulence and bacterial physiology (3–6). The ESX-1 system is required for phagosomal
rupture, both in M. tuberculosis and M. marinum (3, 7, 8), and is therefore a crucial factor
for completing the intraphagocytic stage of these pathogens. The importance of ESX-1 for
virulence is further illustrated by the absence of the esx-1 region in the live vaccine strain
Mycobacterium bovis BCG (4). The ESX-3 and ESX-5 system have very different
functions as they have been linked to iron and fatty acid uptake, respectively (5, 6, 9). Due
to their role in metabolite and nutrient uptake, both these systems are essential for in vitro
growth in pathogenic species. However, the essentiality of the ESX-5 system can be
circumvented in M. marinum by permeabilizing the unique mycobacterial outer
membrane, either by mutating genes involved in the biosynthesis of the outer membrane
lipid phthiocerol dimycocerosate (PDIM) or by the introduction of MspA, an outer
membrane porin from the nonpathogenic Mycobacterium smegmatis (6).
In the last decade, information has been obtained about the composition of the
membrane-embedded ESX complexes (10, 11), and the structure and (possible)
functioning of several of its components, e.g. of EccB, EccC and EccD (12, 13). This has
recently seen a strong leap forward with the first structure of the core ESX-5 secretion
complex of Mycobacterium xenopi, imaged by negative stain electron microscopy (14).
From the observed six-fold symmetry together with stoichiometry measurements it can be
deduced that the ESX-5 complex consists of six copies of each of the four conserved
membrane components that make up the complex, i.e. EccB5, EccC5, EccD5 and EccE5
(14). The data on the M. xenopi ESX-5 complex matches the composition as previously
determined for the ESX-1 and ESX-5 system of M. marinum and the ESX-5 system of
Mycobacterium bovis BCG by protein pull-down experiments (10, 11). Notably, in none
of these purified complexes the fifth membrane component, the mycosin protease (MycP),
was detected in significant amounts. In spite of this, mycosins are essential for the proper
functioning of the ESX-1 and ESX-5 system, as mycP1 or mycP5 knockouts result in a
secretion deficiency by the respective systems in different species (11, 15) and transposon
mutagenesis experiments indicate that also MycP3 is essential in M. tuberculosis (16, 17).
Furthermore, mycosins are widely conserved in T7S, not only in all mycobacterial ESXsystems but also in T7S clusters of other Actinobacteria, suggesting that they have a
critical function in T7S (18, 19). Recently, we showed that both MycP1 and MycP5
stabilize their respective ESX complex in M. marinum, explaining their essentiality for
T7S in mycobacteria (11).
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Mycosins belong to the family of subtilisin-like serine proteases and the available
crystal structures indeed show a subtilisin-like fold (20, 21). However, there are also some
differences to classical subtilisins, most prominent for the so-called propeptide. While
subtilisins contain an N-terminal propeptide that blocks the active site, which is cleaved
off upon protein maturation in order to activate the protease, for mycosins this N-terminal
extension is not processed but remains part of the mature protease domain. Furthermore,
this extension is not blocking the substrate binding pocket but is elongated and tightly
wrapped around the protease domain (20–22). As the N-terminal region of mycosins does
not contain any of the typical characteristics of a propeptide (22), we therefore refer to it
as the N-terminal extension (NE) of mycosins in this study. Compared to typical
subtilisins, the mycosins have a deeper active site groove due to the presence of the Nterminal extension in the mature protein and three extended loops that surround the active
site (20, 21). This suggests that mycosins have a higher substrate selectivity as compared
to most subtilisin-like proteases. Finally, mycosins also have a C-terminal transmembrane
(TM) domain, connected to the protease domain by a ~28 amino acid long linker region.
Due to the presence of a typical signal sequence preceding the N-terminal extension and
a positively charged short C-terminal tail, the protease domain is predicted to be localized
in the periplasm.
Thus far, the number of identified substrates of mycosins is extremely limited. Only
MycP1 has been shown to cleave the C-terminus of EspB, one of the substrates of the ESX1 system, in M. tuberculosis and M. marinum (11, 15). Surprisingly, the proteolytic
activity of MycP1 is not required for the essential function of this protein in secretion (11,
15). Also, an active site mutant of mycP5 can still mediate ESX-5 secretion in M. marinum
(11). This discrepancy suggests that the second, essential, function of mycosins is not
dependent on their proteolytic activity. As already mentioned, mycosins are involved in
the stabilization of their respective ESX complex, without having a role in complex
assembly (11). This conclusion is based on the observation that we could detect the ESX1 or ESX-5 complex in a mycP1 or mycP5 knockout, respectively, when we crosslinked
cell envelope fractions prior to detergent extraction of the membrane-embedded ESX
complexes (11). Therefore, the ESX complex is apparently formed in the absence of
mycosin, but disassociates rapidly upon detergent extraction. The proteolytic activity of
MycP is not required for this function, as an active site mutation did not affect the
stabilizing effect of MycP1 or MycP5 on its respective ESX complex (11). However, the
MycP domain responsible for this function is yet to be identified.
Here, we set out to identify the domains of MycP1 and MycP5 that are involved in the
essential role of mycosins in T7S in M. marinum by producing specific truncated versions
and hybrid proteins in which individual domains of MycP1 and MycP5 were exchanged.
Our results show that the N-terminal extension is required for structural integrity, whereas
both the protease and TM domain of MycP1 and MycP5 are system specific and essential
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for the functionality of their respective ESX-complex. By further dissecting the protease
domain, we found that the primary function of the extended loops is not related to the
stabilization of the membrane complex. Finally, we show that the protease domain of
MycPP1, of the plasmid-encoded ESX-P1 system, can complement the function of the
protease domain of MycP5. Together, this study provides important functional insight on
the different domains of the mycosin proteases.

Results
The N-terminal extension and the TM domain are essential for mycosin functioning
In order to determine which domains are involved in the essential function of mycosins in
T7S, we produced mycP1 and mycP5 truncations, in which either the N-terminal extension
(NE) or the transmembrane (TM) domain were removed (Fig. 1A; 2A) and analyzed their
functionality in the previously described mycP1 and of mycP5 knockout strains of M.
marinum (11). To be able to dissect the functionality of the different MycP5 constructs in
ESX-5 secretion, the essentiality of ESX-5 for in vitro growth was alleviated by the
introduction of the outer membrane porin MspA (6, 23). As previously reported (11, 15),
both a knockout of mycP1 and mycP5 resulted in a complete secretion deficiency by their
respective ESX system. We showed this deficiency by the absence of the ESX-5 substrate
group of PE_PGRS (polymorphic GC-rich repetitive sequences) proteins in the pellet and
supernatant for the mycP5 knockout (Figure 1C, lanes 2 & 12) and the absence of the ESX1 substrates EsxA and EspB in the supernatant fraction for the mycP1 knockout (Figure
2C, lane 12). The secretion by the mutants can be complemented by the exogenous
expression of their respective wild-type copies bearing a C-terminal HA-tag for detection
(P5, Figure 1C, lane 13; P1, Figure 2C, lane 13). As expected, secretion could not be
restored by the exogenous expression of MycP1 in the mycP5 knockout strain and vice
versa (Figure 1C, lane 14; 2C, lane 14). An additional observation was that, although
MycP5 is larger than MycP1, the HA-signal for MycP5 showed a lower molecular weight
as compared to MycP1 (P1 & P5, Figure 1B, lanes 3 & 4). Based on the size of the detected
fragment (~37 kDa), we concluded that MycP5 is processed somewhere in its protease
domain, which we will discuss further below.
Next, we determined the effect of deleting the N-terminal extension of MycP5
(P5ΔNE) and MycP1 (P1ΔNE). We found that for both MycP5 and MycP1 this deletion
resulted in a complete loss of protein secretion by their respective ESX-systems (Figure
1C, lane 15; Figure 2C, lane 15). In addition, while we could readily detect HA-tagged
wild-type MycP5 and MycP1 in bacterial pellet fractions, we were unable to detect these
truncated proteins via the same C-terminal HA-tag in the same bacterial fraction (Figure
1B, lane 5; Figure 2B, lane 5), suggesting that the N-terminal extension of mycosins is
required for protein stability.
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Figure 1. (A) Schematic overview of (hybrid or truncated) mycP5 (blue) and mycP1 (purple)
constructs used to complement a mycP5 knockout in M. marinum. The constructs contain the
following parts: SS, signal sequence; NE, N-terminal extension; Protease, protease domain
(including the linker region between the protease and TM domain); TM, transmembrane domain
(including the short C-terminal tail). The numbers indicate the origin of the fragment, i.e. 1 for
MycP1 and 5 for MycP5. The exact residues of the swapped domains are indicated in Supported
Figure S4. In addition, all proteins have a C-terminal HA-tag. (B) Immunoblot detection of the HAtagged constructs, expressed in the mycP5 knockout. (C) Immunoblot analysis of cell pellets and
supernatants of wild-type (WT) M. marinum and a mycP5 knockout, complemented with the
constructs depicted in (A). Proteins were visualized with anti-PE_PGRS (ESX-5 substrates), antiEsxA (ESX-1 substrate, supernatant loading control) and anti-GroEL2 (cytosolic loading control).

Whereas deletion of the NE reduced the stability of mycosins, removing the C-terminal
TM domain resulted in a strong increase of mycosin levels as compared to their wild-type
versions. Although this effect was observed for both MycP5 and MycP1, especially in the
case of MycP1ΔTM the increase in HA-signal was of such intensity that the other hybrid
constructs were not or barely detectable without overexposing the MycP1ΔTM signal
(P5ΔTM, Figure 1B, lane 6; P1ΔTM, Figure 2B, lane 6). Therefore, we included an
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additional immunoblot lacking the truncated MycP1 construct to allow a more accurate
comparison to wild-type MycP1 or MycP5 (Figure S1). Interestingly, for the MycP5
truncate, besides the C-terminal portion of ~37 kDa, a ~65 kDa band could be detected,
which probably represented the unprocessed, full length protein. However, although
present at high levels, the mycosin constructs lacking the TM domain were unable to
complement ESX-secretion of their respective knockouts (Figure 1C, lane 16; 2C, lane
16). Furthermore, expressing the highly stable truncated MycP5ΔTM did not result in a
dominant negative effect on ESX-5 mediated secretion in WT bacteria (Figure S2).

Figure 2. (A) Schematic overview of (hybrid or truncated) mycP1 (purple) and mycP5 (blue)
constructs used to complement a mycP1 knockout in M. marinum. All constructs contain a Cterminal HA-tag. See Figure 1A for an explanation of the abbreviated domains. (B) Immunoblot
detection of the HA-tagged constructs, expressed in the mycP1 knockout. (C) Immunoblot analysis
of cell pellets and supernatants of wild-type (WT) M. marinum and a mycP1 knockout,
complemented with the constructs depicted in Figure 2A. Proteins were visualized with anti-EsxA
and anti-EspB (ESX-1 substrates), anti-PE_PGRS (ESX-5 substrates, supernatant loading control)
and anti-GroEL2 (cytosolic loading control).

133

1
2
3
4
5
6
&

Chapter 4

These results show that both the N-terminal extension and the C-terminal TM domain are
required for the essential function of mycosins within their respective ESX-systems.
Both the protease and TM domain of MycP1 and MycP5 are ESX-system specific
To distinguish between a general role in protein stability (for the N-terminal extension) or
subcellular localization (for the TM domain) and a system-specific function of the separate
domains, we created hybrid mycP1 and mycP5 constructs, in which individual domains
were exchanged between the two mycosins, again with a C-terminal HA-tag for detection
(Figure 1A & 2A). As the deletion of the N-terminal extension resulted in a strong
decrease in mycosin levels, we first wanted to confirm whether this domain is only
involved in structural stability and does not play a system-specific role. Indeed, whereas
we did observe a decrease in mycosin levels when we exchanged this domain between
MycP5 and MycP1 (P5NE1, Figure 1AB, lane 7; P1NE5 Figure 2AB, lane 7; Figure S1,
lane 5), both constructs were still able to complement ESX-5 or ESX-1 secretion of the
mycP5 and mycP1 knockouts, respectively (Figure 1C, lane 17; 2C, lane 17). With a similar
approach, we exchanged the C-terminal TM domain of the mycosins to investigate
whether they have a system-specific role. While we observed a decreased expression of
MycP5 with the TM-domain of MycP1 (P5TM1, Figure 1B, lane 8), the opposite MycP1
construct showed substantial expression levels (P1TM5, Figure 2B, lane 8; Figure S1, lane
6). Both constructs were unable to complement secretion by the mycP5 or mycP1 knockout
(Figure 1C, lane 18; Figure 2C, lane 18), strongly suggesting that the TM domain of
mycosins does not only function as a membrane anchor, but that it has a specific function
for its ESX system. Interestingly, we also tested whether all the constructs were able to
alleviate the essentiality of mycP5, i.e. by mediating growth in the absence of the outer
membrane porin MspA (Table S2). All constructs that could complement protein secretion
also supported growth of the mycP5 mutant in the absence of MspA. Although P5TM1
was unable to restore ESX-5 secretion in the mycP5 knockout, this construct did allow this
mutant strain to grow, albeit with a strongly reduced growth rate. This suggests that this
hybrid construct is able to complement the mycP5 mutant to some extent.
Finally, we determined whether the protease domain is also involved in the essential
function of mycosins by introducing the hybrid constructs in the opposite mycP knockout,
e.g. P1NE5 and P1TM5 in the mycP5 knockout and vice versa (Figure 1A & Figure 2A).
These constructs were also unable to complement the mycosin knockouts and thus unable
to restore secretion of the analyzed ESX-systems (Figure 1C, lanes 19 & 20; Figure 2C,
lanes 19 & 20). As we already showed that exchanging the N-terminal extension has no
effect on the functionality of MycP1 or MycP5, the inability of P1TM5 and P5TM1 to
complement the mycP5 and mycP1 knockout, respectively, must be contributed to the
exchanged protease domain. In conclusion, whereas the N-terminal extension has a
system-specific function in protein stability, both the protease and C-terminal TM domain
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of mycosins are required and specific for the essential function within their respective
ESX-systems.
The extended loops of the protease domain are either dispensable or involved in
structural stability
Next, we set out to identify specific regions within the protease domain that are involved
in the essential function of mycosins. One of the distinctive features of mycosins, as
compared to classical subtilisins, are three extended loops that are present in the protease
domain (loop1-3, Figure 3A). In addition to these three conserved loops, MycP5 has an
additional large extension, which we will refer to as loop 5 in this study. This loop is not
present in MycP1. In a structural model of MycP5, produced from the available MycP1
structure from M. smegmatis (20), this loop 5 remained unstructured and we therefore only
show the start and end of it in the model shown in Figure 3A. Due to the fact that the loops
1-3 and loop 5 are unique for mycosins, we hypothesized that they could be involved in
the essential function of mycosins. By individually deleting these four loops of MycP5, we
investigated their effect on stability and/or functionality. Deleting loop 1 or 2 resulted in
a reduced stability of MycP5; especially the loop 2 deletion showed an almost complete
loss of MycP5 stability (Figure 3B). In addition, both constructs resulted in a complete loss
of ESX-5 secretion (Figure 3C, lanes 13 & 14). In contrast, deleting loop 3 or loop 5 had
little to no effect on MycP5 stability nor on ESX-5 secretion (Figure 3B, lanes 6 & 7; 3C,
lanes 15 & 16). Interestingly, deleting loop 5 resulted in a higher detected molecular
weight compared to the wild-type HA-tagged MycP5 (Figure 3B, lanes 3 & 7), indicating
that MycP5 is cleaved somewhere in this loop and that this processing is not required for
proper functioning. To investigate whether this processing is performed by MycP5 or by a
different component of the ESX-5 system, we introduced both a wild-type and an active
site mutant variant of HA-tagged MycP5 in M. smegmatis, which lacks the ESX-5 system.
However, we found that in both cases MycP5 was present as the processed form, showing
that the responsible protease is unrelated to the ESX-5 system (Figure S3C).
Subsequently, we analyzed the role of loop 1 and 2 in protease activity using the ability
of purified MycP1 to process its substrate EspB in vitro. Although we were unable to
produce stable MycP1 with the deletion of loop 2, the deletion of loop 1 resulted in a
substantial expression of the MycP1 protease domain. This purified protein was also
active, as we could not detect a difference in activity of purified wild-type MycP1
compared to the loop 1 truncation; in both cases EspB was successfully processed in vitro
(P1 & P1ΔL1, Figure S3D, lanes 2 & 3). Finally, we exchanged the loop 1 of full length
MycP5 with the loop of MycP1 and analyzed its expression and functionality in the mycP5
knockout strain. This hybrid protein was stable (P5-L1.P1, Figure S3A, lane 4) and
resulted in a successful complementation of ESX-5 secretion (Figure S3B, lane 8).
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Figure 3. (A) Model of MycP5, based on the available crystal structure of MycP1. The catalytic triad
of the protease is depicted in red, the three extended loops (1-3) surrounding the catalytic groove are
depicted in blue, yellow and green, respectively. The two residues bordering the extended loop 5 are
depicted in orange, whereas loop 5 itself is not visualized in this model. (B) Immunoblot detection
of HA-tagged constructs, expressed in the mycP5 knockout. P5, wild-type (WT) mycP5;
P5ΔLoop1/2/3/5, mycP5 without loop 1, 2, 3 or 5; P.P1, mycPP1; P.P1-TM5, hybrid mycPP1 with the
TM region of mycP5. The exact residues of the deleted and swapped regions are indicated in
Supported Figure S4. (C) Immunoblot analysis of cell pellets and supernatants of WT M. marinum
and a mycP5 knockout, complemented with (truncated) mycP5 constructs or (hybrid) mycPP1 with
the TM region of mycP5 (see Supported Figure S4 for the swapped residues). Proteins were
visualized with anti-PE_PGRS (ESX-5 substrates), anti-EsxA (ESX-1 substrate, supernatant loading
control) and anti-GroEL2 (cytosolic loading control).
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Together, the results show that while loop 3 and loop 5 are dispensable for MycP5 stability
and its essential role in ESX-5 functioning, loop 1 and 2 seem to have, similar as the Nterminal extension, a structural role.
The protease domain of MycP5 can be functionally substituted by the protease
domain of MycPP1 of the plasmid encoded ESX-P1 system
As we were unable to obtain further functional insight from the analysis of the extended
loops in MycP5 and as there are no other distinctive regions or structures within the
protease domain, we instead looked for a different approach. More recently, plasmidlocalized esx clusters have been described for mycobacteria, most notably the esx-P1
cluster localized on the pRAW plasmid found in M. marinum E11 (24), involved in
bacterial conjugation. Interestingly, the ESX-P1 system is most closely related to the ESX5 system, e.g. MycPP1 has ~59.5% identity to MycP5 (Table S1, Figure S4), which is
substantially higher than the identity of MycP5 to MycP1 (~46%, Table S1). Due to this
high sequence similarity, we set out to investigate to what extent mycPP1 is able to
complement the mycP5 knockout of M. marinum M, which does not contain the esx-P1
cluster. Unfortunately, we were able to detect only low protein levels of the HA-tagged
MycPP1 (P.P1, Figure 3B, lane 8), and this construct does not result in successful
complementation of the mycP5 knockout (Figure 3C, lane 17). In addition to this, the HA
signal of the MycPP1 protein showed a comparable size to that of MycP5 (Figure 3B, lane
3), indicating that also MycPP1 is processed, which is in line with the observation that this
protein contains a loop 5 extension similar to MycP5 (Figure S4). As we already
determined that the TM domain plays an important role, we exchanged the TM domain of
MycPP1 with that of MycP5. Interestingly, this not only resulted in a substantially more
stable protein (P.P1-TM5, Figure 3B, lane 9), but it was also capable of restoring ESX-5
secretion in the mycP5 knockout (Figure 3C, lane 18). These results show that the protease
domain of MycPP1 has functional similarity to that of MycP5 and further strengthens the
notion that the TM domain of mycosins has a highly system-specific function.
The protease and TM domain of MycP are both involved in the stabilization of the
ESX-complex
To further confirm that the essential role of the protease and TM domain is linked to the
previously determined crucial role of mycosins in the stabilization of their respective ESX
complex (11), we investigated the effect of expressing our hybrid constructs in the mycP5
knockout on the ESX-5 membrane complex. First, we established that there were no
effects of our introduced constructs on the production or stability of EccB5, one of the
components of the ESX-5 membrane complex (Figure 4A). Next, we investigated the
stability of the ESX-5 membrane complex. As previously shown (11), the 1.8 MDa ESX5 complex could be solubilized in a stable form from the wild-type strain and visualized
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by blue native PAGE, whereas the solubilized complex levels were strongly reduced in
the mycP5 knockout (Figure 4B, lanes 1 & 2). Exchanging either the TM or protease
domain of MycP5 with that of MycP1 (P5TM1 and P1TM5) did not restore stability of the
ESX-5 complex in the mycP5 knockout (Figure 4B, lanes 4 & 5), which was expected as
these constructs were also unable to successfully restore secretion (Figure 1C). In contrast
to this, although MycPP1 was unable to complement secretion, we were able to detect a
slight increase in ESX-5 complex levels when we introduced MycPP1 (P.P1, Figure 4B,
lane 6). Complementation with the hybrid MycPP1 construct with the TM domain of
MycP5 resulted in a full restoration of the ESX-5 complex to wild-type levels (P.P1-TM5,
Figure 4B, lane 7). In conclusion, our results show that the crucial and system-specific
role of both the protease and TM domain of mycosins in ESX-secretion is consistently
linked to the stabilization of their respective ESX-complex.

Figure 4. (A) Immunoblot analysis of solubilized cell envelope fractions of wild-type (WT) M.
marinum and a mycP5 knockout, complemented with WT mycP5 (P5), hybrid constructs of mycP5
with the transmembrane (TM) region of mycP1 (P5TM1) or mycP1 with the TM region of mycP5
(P1TM5), WT mycPP1 (P.P1) and a hybrid construct of mycPP1 with the TM region of mycP5 (P.P1TM5). Proteins were visualized with anti-EccB5 and as loading controls anti-EccB1 and anti-FtsH.
(B) Blue-Native PAGE immunoblot analysis of solubilized cell envelope fractions, the ESX-5
complex was visualized with anti-EccB5.

Discussion
Mycosin is an enigmatic component of the T7S system, as it is a highly conserved and
essential component of this system, although its protease activity is dispensable for
secretion. While we were previously able to assign the essential role of mycosins to
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stabilizing the secretion complex in the mycobacterial cell envelope, the specific mycosin
domains involved in this stabilization remains unknown. Here, we have set out to obtain
insight into the role of individual mycosin domains in this process by producing various
domain deletions and hybrid mycosin constructs.
It has previously been shown that the N-terminal extension, called the propeptide in
subtilisins, is not processed, but remains tightly wrapped around the protease domain of
mycosins (20, 21). In line with this, our results also strongly suggest that the extension
solely has a structural role, as it is able to stabilize protease domains of mycosins from
different ESX systems (P5NE1, Figure 1B, lane 7; P1NE5, Figure 2B, lane 7). This is
further supported by a study by Sun et al. (22), who showed that, while the structural
conformation of the protease domain of MycP1 is not altered by deleting the extension,
molecular dynamics simulations did show an increased flexibility, suggesting a decreased
stability of the protease domain. This can be explained by the presence of stabilizing
interactions between these two domains, i.e. an anti-parallel β-sheet and a disulfide bond.
The decreased stability is apparently more severe during in vivo expression in M. marinum
(P5ΔNE, Figure 1B, lane 5; P1ΔNE, Figure 2B, lane 5), compared to the MycP1 purified
from E. coli by Sun et al.
Our results clearly show that both the protease and TM domain are essential and
function in a system-specific manner in ESX-mediated secretion and the stabilization of
the ESX-complex (Figure 1, 2 & 4). However, the importance and role of the TM domain
appears to be complicated. Although it is clearly required for secretion and ESX-5
complex stability, the hybrid MycP5 construct with the TM domain of MycP1 (P5TM1)
did remove the requirement for MspA in the mycP5 knockout, suggesting that the TM
domain of MycP1 is able to take over the role of the equivalent domain of MycP5 to a
minor extent. A possible role of the TM domain is to properly localize mycosins to their
respective ESX-complex by a specific interaction with this membrane complex. Thus, we
postulate that a small subpopulation of P5TM1 is still capable of interacting with the ESX5 complex, possibly only by the protease domain, while TM1 only serves as a membrane
anchor. This results in a very limited level of functional ESX-5 complexes, explaining that
this strain is capable of (very limited) growth in the absence of MspA. In addition to this,
the expression levels of mycosins seem to be highly influenced by the presence and nature
of the TM domain: while its deletion strongly increased protein levels, exchanging of TM
domains in the hybrid constructs also affected protein levels, e.g. constructs with the TM
domain of MycP5 generally resulted in higher protein levels irrespective of the identity of
the protease domain. Especially the increased stability of mycosin in the absence of a TM
domain is intriguing, as it suggests that wild-type mycosin is a relatively unstable protein.
The question is then whether a high turnover is somehow related to its function.
In contrast to the TM domain, the protease domain of MycP5 is absolutely required for
ESX-5 mediated secretion and stabilization of the ESX-5 membrane complex, a role that
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cannot be replaced by the protease domain of MycP1. The essential role of the protease is
not related to its protease activity, as we and others previously showed that active-site
mutants in MycP1 and MycP5 are fully able to mediate secretion and membrane complex
stability of the respective systems (11, 15). We therefore tried to further dissect the specific
features of MycP5 that are essential for ESX-5 secretion by deleting its distinctive
extended loops in the protease domain. However, none of the loops appear to be involved
in the essential and system-specific function. Notably, the deletion of loop 2 results in a
strong reduction of MycP5 levels (Figure 3B, lane 5) and as this is also the most strongly
conserved loop (Table S1), we expect it to play a structural role in e.g. establishing a stable
protein conformation. This is also supported by the observation that we were unable to
produce stable MycP1 lacking loop 2 in E. coli and the presence of a cysteine residue,
which forms a disulfide bridge with the core protease structure (20, 21). However, as we
were still able to detect low levels of MycP5 lacking loop 2 in M. marinum, we cannot
exclude that it is involved in the system-specific functioning of MycP5. In addition to this,
while deleting loop 1 also resulted in lower expression levels and an ESX-5 secretion
defect, MycP5 with loop 1 of MycP1 is fully functional, showing that this loop is not
involved in the system-specific functioning of the protease. Deleting loop 1 in MycP1 did
not affect protease activity in vitro, suggesting that this loop is also not directly involved
in substrate recognition. These combined results suggest that loop 1 and loop 2 have a
general structural role in mycosins. In contrast, loop 3 and loop 5 can be removed in MycP5
without affecting protease integrity and ESX-5 functionality. Interestingly, MycP5 and
MycPP1 appear to be processed in the larger loop 5, which is not conserved in all mycosins
(e.g. Figure S4). The two resulting MycP fragments are expected to form a single stable
unit, due to the structural requirement of the N-terminal extension (P5ΔNE, Figure 1B,
lane 5; P1ΔNE, Figure 2B, lane 5). The observed cleavage is not an autoproteolytic
process, as it is not dependent on either proteolytic active MycP5 or on a functional ESX5 system, as we also observed this processing when we expressed HA-tagged MycP5 and
a corresponding HA-tagged active site mutant in M. smegmatis that lacks ESX-5 (Figure
S3C). In addition, for the MycP5 construct with the TM domain deletion some full-length
protein could be observed, showing that the involved protease is not able to fully process
this truncate, either due to the high overexpression or because this construct does not
localize to the inner membrane. Although we cannot exclude that loop 5 is required for
full functionality of the putative protease activity of MycP5, it is remarkable that this loop
is only present in a subset of MycP proteins, including MycP2 and mycosins from plasmidborne ESX-systems (25).
The observation that the hybrid construct with the protease domain of MycPP1 (P.P1TM5, Figure 3B, lane 9; Figure 3C, lane 18) of the ESX-P1 system and the TM domain
of MycP5 also results in successful complementation of the mycP5 knockout is not very
surprising, considering the high similarity of the two protease domains (Table S1, Figure
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S4). Interestingly, WT MycPP1 was not able to complement the mycP5 knockout, while
its presence did result in a small increase in ESX-5 complex levels. ESX-5 mediated
secretion was not observed, nor did this complementation allow the bacterium to grow in
the absence of MspA. While this again suggests an important role of the TM domain in
the system-specific functioning of MycP, we cannot exclude that the observed different
expression levels of the proteases are responsible for the different phenotypes.
Finally, it is interesting to note that almost all tested constructs resulted in an ‘all-ornothing’ phenotype regarding secretion, secretion was either present or absent in the
complemented knockout strains of mycP1 and mycP5. Except for the partial
complementation of P5TM1, which resulted in a strongly reduced growth rate of the
bacterium in the absence of MspA,. This is especially surprising as we observed a high
variability in protein levels of the HA-tagged (hybrid or truncated) mycP1 and mycP5
constructs. Apparently, there are only small amounts of mycosin required to allow
efficient secretion via the ESX-1 and the ESX-5 membrane complex. Because we have
good indications that mycosins have a role in the stability of the membrane complex (11),
this could also imply that each bacterium needs only a small number of active secretion
machineries to secrete substantial amounts of substrate. Furthermore, we also observed
that none of the successful complementations of ΔmycP1 resulted in a difference in the
processing of EspB, although this is not surprising as we did not alter the catalytic site in
any of the mycP1 constructs.
Our combined results show that instead of a highly defined region, a major portion of
mycosin, comprising both the protease and the TM domain, is involved in the essential
role of this component in ESX-secretion, i.e. in the stabilization of the respective ESXcomplex (for an overview, see Table S2). As the protease domain of MycP1 is not
functionally redundant to MycP5, opposed to the protease domain of MyPP1, this provides
a starting point for future studies to identify the regions and residues in the mycosin
protease domain that are involved in interacting with and stabilizing their respective ESXcomplex.

Materials & Methods
Bacterial strains and culture conditions
M. marinum M (26) was used for all M. marinum experiments. The mycP1 and mycP5
knockout mutants of this strain have been described previously by Ates et al. and van
Winden et al. (6, 11). M. marinum was grown at 30 °C on 7H10 agar with 10%
Middlebrook OADC (BD Biosciences) or in Middlebrook 7H9 liquid medium with 10%
Middlebrook ADC and with 0.05% Tween 80, at 30 °C and 150 rpm. M. smegmatis
MC2155 was used for all M. smegmatis experiments and was grown at 37 °C on 7H10
agar with 10% Middlebrook OADC or in Luria-Bertani (LB) liquid medium supplemented
with 0.05% Tween-80 at 150 rpm. Escherichia coli strains DH5α and Rosetta were grown
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at 37 °C on Luria-Bertani (LB) agar or in LB liquid medium at 37°C and 200 rpm. Culture
mediums were supplemented with the appropriate antibiotics at the following
concentrations: kanamycin, 25 µg ml-1, hygromycin, 50 µg ml-1, streptomycin 35 µg ml1, ampicillin, 100 µg ml-1.
Cloning
The mycP1 and mycP5 M. marinum genes were amplified from M. marinum M genomic
DNA (gDNA) and mycPP1 from M. marinum E11 gDNA, by PCR with anchored primers
(EcoRI and HindIII, Table S3). The SA mutant of mycP5 has been created in a previous
study (11). The hybrid combinations of mycP1, mycP5 and mycPP1, point mutations and
the HA-tag were introduced with nested primers (Table S3). All generated constructs were
subsequently digested by EcoRI and HindIII and ligated into similarly digested pMV361
(27). The plasmids used to express MycP1mth and EspBmtb have been previously described
by Wagner et al. (21). The mycP1mth construct was modified with anchored (NdeI and
XhoI) and nested primers (Table S3) to create mycP1mth∆loop1, which was ligated into
pET-28a following NdeI and XhoI digestion. All generated plasmids were verified by
sequencing of the cloned inserts.
M. marinum protein secretion and BN-PAGE analysis of ESX-5 complex
For protein secretion analysis, M. marinum strains were grown in 7H9 liquid medium
supplemented with 10% Middlebrook ADC and 0.05% tween-80 until mid-logarithmic
phase (OD600 of 1 – 1.4), after which the cells were washed and inoculated in 7H9 liquid
medium containing 0.2% dextrose, 0.2% glycerol and 0.05% tween-80 at an OD600 of 0.5.
After 16 hours of growth, the cells were pelleted (10 minutes 3000 rcf), washed with PBS
and resuspended in SDS loading buffer (pellet fraction). Supernatants were passed through
an 0.45 µm filter, the proteins were precipitated with trichloroacetic acid (TCA), washed
with acetone and resuspended in SDS loading buffer (supernatant fraction). Alternatively,
cell surface proteins were extracted from pelleted cells with 0.5% Genapol X-080 as
previously described (11), after which the cells were repelleted and resuspended in SDS
loading buffer (Genapol pellet fraction) and concentrated SDS loading buffer was added
to the Genapol X-080 containing supernatant (Genapol supernatant fraction). Proteins
from the various fractions were separated on SDS-PAGE gels (with 10 to 16% acrylamide,
depending on the size of the analyzed proteins), transferred to a nitrocellulose membrane
and stained with the appropriate antibodies (see below). For both the secretion analysis
and the HA-expression blots, at least three colonies of each strain were tested. The used
immunoblots are an accurate representation of the obtained, consistent results.
For ESX-5 complex analysis, M. marinum was grown to an OD600 of 1.2-1.5, pelleted
and resuspended in PBS with 250 mM sucrose. Cells were lysed with a One-Shot Cell
disruptor (Constant systems Ltd) and unbroken cells were pelleted at 3000 rcf. The cell
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envelope (CE) fraction was separated from the soluble fraction by centrifugation at
200,000 rcf for 45 minutes and the CE fraction was subsequently resuspended in PBS with
250 mM sucrose. Membrane proteins were extracted from the CE fraction with the mild
detergent DDM at a concentration of 0.25%. Solubilized protein (complexes) were either
separated under native conditions on a 3-12% NativePage Novex Bis-Tris Protein Gel
(Life technologies) and transferred to a PVDF membrane or under denaturing conditions
on a 12.5% SDS-PAGE gel, which was subsequently transferred to a nitrocellulose
membrane. Blots were stained with anti-GroEL2 (Cs44; John Belisle, NIH, Bethesda),
anti-PE_PGRS (26), anti-EsxA/ESAT-6 (Mab Hyb76-8), anti-HA (HA.11; Covance,
Biolegend), anti-EccB5 (12, Colorado State University), anti-EspB (EPFL, Lausanne),
anti-EccB1 (11) or anti-FtsH (28) antibodies. Apart from the monoclonal anti-PE_PGRS
and anti-EsxA preparations these are polyclonal rabbit antisera.
Protein expression, purification and activity assays
His-tagged EspBmtb and MycP1mth were expressed and purified from E. coli Rosetta (DE3)
as previously described by van Winden et al. (11). MycP1 activity assays were performed
in 20 mM HEPES pH 7.5, 100 mM at 37 °C for 20 hours with 0.15 mg ml-1 MycP1 and
0.25 mg ml-1 EspB. Reactions were stopped by the addition of SDS sample buffer and
incubation at 94 °C for 5 minutes. Proteins were separated on a 12.5% SDS-PAGE gel
and visualized by Coomassie staining.
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Supplemental materials

Figure S1. Immunoblot detection of the hybrid HA-tagged constructs (see Figure 2A), expressed
in the mycP1 knockout of M. marinum.

Figure S2. Immunoblot analysis of Genapol pellets (Gen Pel, cellular) and Genapol supernatant
(Gen Sup, surface localized proteins) of wild-type (WT) M. marinum, complemented with a
truncated mycP5 without its TM region (5ΔTM). Proteins were visualized with anti-PE_PGRS
(ESX-5 substrates).
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Figure S3. (A) Immunoblot detection of the HA-tagged constructs of wild-type mycP5 (P5) and
hybrid mycP5 with loop 1 of mycP1 (P5-L1.P1). (B) Immunoblot analysis of Genapol pellets (Gen
Pel, cellular) and Genapol Supernatant (Gen Sup, surface localized proteins) of wild-type (WT) M.
marinum and a mycP5 knockout, complemented with P5 or P5-L1.P1. Proteins were visualized with
anti-PE_PGRS (ESX-5 substrates). (C) Immunoblot detection of HA-tagged wild-type mycP5 (P5)
and an active site mutant of mycP5 (P5SA) in M. smegmatis. (D) SDS-PAGE analysis of purified
wild-type EspB, both full-length and processed after co-incubation with either purified MycP1 (P1
or MycP1 WT) or MycP1 without loop 1 (P1ΔL1 or MycP1dLoop1). Proteins were visualized with
Coomassie Brilliant Blue staining.
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Figure S4. Multiple sequence alignment of MycP1 and MycP5 of M. marinum M, and M.
tuberculosis H37Rv and MycPP1 of M. marinum E11. The N-terminal extension and the extended
loops are highlighted in grey. The linker domain (linker) and predicted transmembrane domain are
indicated by grey boxes. Amino acids constituting the predicted signal sequence are shown in grey.
Amino acids of the mycosins, excluding the N-terminal extension and the four loops, are colored
based on characteristics (i.e. basic, acidic, polar or nonpolar). Residues in the protease and linker
domain, excluding the loops, that have conserved characteristics between MycP5 and MycPP1, but
different from MycP1, are depicted with an open arrowhead (^). Positions where individual domains
have been exchanged between MycP1 and MycP5 are indicated by closed arrowheads (▼); positions
where specific domains have been deleted are indicated by an asterisk (*).

Table S1. Identity percentage for the complete protein and the loop regions of MycP1, MycP5 and
MycPP1 of M. marinum.
Query Protein
Subject
Protein

Entire
protein (%
identity)

Loop 1 (%
identity)

Loop 2 (%
identity)

Loop 3 (%
identity)

MycP1 (M)

MycP5 (M)

46.37

17.65

50

25

MycP1 (M)

MycPP1 (E11)

48.77

23.53

58.33

33.33

MycP5 (M)

MycPP1 (E11)

59.49

41.18

60

46.15
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Table S2. Schematic overview of the MycP constructs and their activity in different backgrounds.
The composition of the constructs is depicted in Figure 1A and 2A. nd, not determined; -, no
expression/secretion/stability;

+/-,

reduced

expression/secretion/stability;

expression/secretion/stability; ++, increased expression.
ESXESX-5
Mycosin
ESX1
comple
expr.
5 secr.
secr.
x stabil.
P1
+
+
nd
P5
+
+
+
P1ΔNE
nd
nd
P5ΔNE
nd
nd
P1NE5
+/+
nd
P5NE1
+
+
nd
P1ΔTM
++
nd
nd
P5ΔTM
++
nd
nd
P1TM5
+
P5TM1
+/P5ΔL1
P5ΔL2
P5ΔL3
P5ΔL5
P5L1.P1
P.P1
P.P1T
M5
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+/+/+
+

nd
nd
nd
nd

+
+

nd
nd
nd
nd

+

nd

+

nd

+/-

nd

-

+/-

+

nd

+

+

Compl. growth
for ΔmycP5
nd
yes
nd
no
no
yes
no
no
no
yes, but slow
growth
no
no
yes
yes
yes
no
yes

+,

normal

Conclusion

N-terminal extension (NE)
is required for protease
stability (not system
specific)
TM domain is required and
system specific
Protease domain is system
specific
L1 and L2 are required for
protease stability (not
system specific for L1)
L3 and L5 are dispensable
P.P1 protease domain
complements ESX-5

Protease and TM domain mediate MycP specificity

Table S3. List of primers used in this study.
Name
Sequence (5’  3’)
MYCP5ECORI FW
ccggaattccatatgcagcgattcggtaccgtt
MYCP5HINDIII HA REV gccgaagcttctacgcgtagtccggcacgtcgtacgggtatcgccgcttccgtga
MYCP5ΔNE FW
cgcaatcaatcctccgacccagccgaagtacatggagat
MYCP5ΔNE REV
atctccatgtacttcggctgggtcggaggattgattgcg
MYCP5ΔTM HA REV
gccgaagcttctacgcgtagtccggcacgtcgtacgggtaattgcgctctgcgggcg
MYCP5NE1 REV
gcatctccatgtacttcggcggatcgtgaaagctggaa
MYCP5NE1 FW
ttccagctttcacgatccgccgaagtacatggagatgc
MYCP5TM1 REV
acaccgccaccattgtgatattgcgctctgcgggcg
MYCP5TM1 FW
cgcccgcagagcgcaatatcacaatggtggcggtgt
MYCP5ΔLOOP1 FW
gccaatcgagccaggcgaagatcgacgacgttgagac
MYCP5ΔLOOP1 REV
gtctcaacgtcgtcgatcttcgcctggctcgattggc
MYCP5ΔLOOP2 FW
gcggccggcgacggcgtcaccacggtggtgacg
MYCP5ΔLOOP2 REV
cgtcaccaccgtggtgacgccgtcgccggccgc
MYCP5ΔLOOP3 FW
cgtgacgacggcttgatcgctggcacgagttttgcg
MYCP5ΔLOOP3 REV
cgcaaaactcgtgccagcgatcaagccgtcgtcacg
MYCP5ΔLOOP5 FW
gtgcggcgccggccaacgatgcattcagcgggattg
MYCP5ΔLOOP5 REV
caatcccgctgaatgcatcgttggccggcgccgcac
MYCP5-LOOP1-P1 FW
gccaatcgagccaggcgttcgaaccggttggctcg
MYCP5-LOOP1-P1 REV gtctcaacgtcgtcgatcttcggcgtcgcgttgggat
MYCP1ECORI FW
ccggaattccatatgcaggcaggactgacac
MYCP1HINDIII HA REV gccgaagcttctacgcgtagtccggcacgtcgtacgggtatcggcgcctcagcg
MYCP1ΔNE FW
gcaatcgatcctccctcgccgccgtggagtaacgc
MYCP1ΔNE REV
gcgttactccacggcggcgagggaggatcgattgc
MYCP1ΔTM HA REV
gccgaagcttctacgcgtagtccggcacgtcgtacgggtacgggcggtgatccggg
MYCP1NE5 REV
tataggcgttactccacggctgcaacttgaagtcggtg
MYCP1NE5 FW
caccgacttcaagttgcagccgtggagtaacgcctata
MYCP1TM5 REV
ccacccatactggcaccatcgggcggtgatccggg
MYCP1TM5 FW
cccggatcaccgcccgatggtgccagtatgggtgg
MYCP1MTHNDEI FW
ccgcatatgatcgaacctccggtga
MYCP1MTHXHOI REV
gccgctcgagctacacatcccaggtcagcgc
MYCP1MTHΔL1
FW ccacacctcggcggcgaccgccggctcgctgc
MYCP1MTHΔL1 REV
gcagcgagccggcggtcgccgccgaggtgtgg
MYCP1.P1 FW
ccggaattccatatggtgaggactgcgcaaaaag
MYCP1.P1 HA REV
gccgaagcttctacgcgtagtccggcacgtcgtacgggtatgaccccgccccccgtc
MYCP1.P1-TM5 REV
cccttcgggcacgtcccacgtcaaggcggccaccg
MYCP1.P1-TM5 FW
cggtggccgccttgacgtgggacgtgcccgaaggg
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Abstract
The subtilisin-like mycosin protease (MycP) is a conserved membrane component of the
type VII secretion (T7S) systems of mycobacteria. Mycosins are potential drug targets, as
they are essential for the functionality of these T7S systems, which are crucial for the
viability and pathogenicity of mycobacteria. Here we describe a high-throughput screen
to identify potential MycP inhibitors, using MycP1 from Mycobacterium thermoresistibile
and a FRET peptide-based assay. For this assay we used a peptide that is equivalent to the
cleavage site of EspB, the only known substrate of MycP1. As there are no other known
substrates for any of the other mycosins we also set out to characterize the proteolytic
activity of MycP5 by purifying recombinant MycP5 of M. tuberculosis. The production of
MycP5 in Escherichia coli and Mycobacterium smegmatis proved to be exceptionally
problematic. We were able to produce soluble MycP5 at sufficient levels only by fusing
MycP5 to the PelB leader signal sequence. Subsequently, we performed an initial
characterization of the protease activity of MycP5, showing that this mycosin is active, but
is not capable of cleaving the MycP1 substrate EspB. This shows that mycosins are not
redundant and cleave their substrates in a relatively specific fashion.
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Introduction
Pathogenic mycobacteria, such as Mycobacterium tuberculosis, can have up to five
genomic type VII secretion (T7S) gene clusters, named esx-1 to esx-5 (1, 2). Three of these
clusters have been shown to code for functional ESX systems, playing critical roles in
bacterial physiology and/or pathogenesis (3–5). For example, the ESX-1 system is
required by M. tuberculosis and its close relative Mycobacterium marinum for intracellular
survival and replication inside phagocytes, by mediating phagosomal rupture and
subsequent escape from the phagosome into the cytosol of macrophages (3, 6). The ESX3 system is required for the acquisition of iron and zinc (4), whereas the ESX-5 system
plays both a role in immune modulation and the uptake of nutrients (5, 7). Protein
pulldowns have shown that the core membrane-embedded secretion complex of ESX-1
and ESX-5 consists of four conserved membrane components, called EccB, EccC, EccD
and EccE (8–10). Based on the dimensions of a purified ESX-5 complex, these systems
are expected to span only the inner membrane of the diderm mycobacterial cell envelope
(10). In addition, a fifth conserved membrane component, the subtilisin-like mycosin
protease (MycP), is a crucial T7S component that is thought to stabilize the respective
ESX membrane complex (9).
Blocking the T7S systems of mycobacteria could be a potent strategy to treat
mycobacterial infections due to their importance, unique composition and the relatively
accessible location of the membrane-embedded secretion complex. In particular, MycP is
an interesting drug target for three reasons: (i) proteases are known to be druggable, e.g.
several of the widely used antiviral drugs to treat HIV/AIDS and hepatitis C are protease
inhibitors (11, 12), (ii) the protease domain of mycosins is predicted to be periplasmic,
based on the presence of a classical N-terminal signal sequence and C-terminal
transmembrane (TM) domain, which means that this target is more accessible to
exogenous compounds, and (iii) mycosins are among the most conserved components of
T7S systems and are required for ESX-dependent secretion and functionality, as shown
for MycP1, MycP3 and MycP5 (9, 13, 14). MycP1 has been shown to be proteolytically
active, as this enzyme mediates the processing of the ESX-1 secreted protein EspB, both
in M. marinum and in M. tuberculosis (9, 13). Intriguingly, this protease activity is not
required for the essential function of MycP1 and MycP5 in secretion (9, 13). Nevertheless,
the protease activity of MycP1 is required for full virulence of M. tuberculosis, as an
infection with a MycP1 active site mutant did result in a partially attenuated virulence in
mice (13). Based on this observation, several efforts have been made to select and develop
inhibitors of MycP1 (15–17).
Compared to typical subtilisins, mycosins are rather unusual as the N-terminal
extension of these proteases is not processed upon protein maturation. Instead, this
extension remains firmly attached to the protease domain. Another unusual feature is the
presence of three extended loops, which together with the N-terminal extension result in
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a rather deep active site pocket (18, 19). Possibly due to these unusual features, traditional
(subtilisin-like) serine protease inhibitors have proven to be inefficient mycosin inhibitors
(17). Thus far, also the compounds selected from in silico compound screens did not
efficiently inhibit mycosin activity in vitro (16, 17).
MycP1 is currently the only mycosin with a known proteolytic substrate, i.e. EspB (13).
Although the role and importance of MycP3 and MycP5 in T7S secretion has been shown
(9, 14) and all mycosins possess the conserved features to be active proteases, their
proteolytic activity still needs to be assessed. For instance, an active site mutant of MycP5
did not result in an observable altered processing of the ESX-5 substrates LipY and the
PE_PGRS (polymorphic GC-rich sequence) proteins (9). The identification of substrates
of MycP5 is further complicated by the difficulty to readily produce and purify soluble and
stable mycosin of M. tuberculosis from an expression host, such as Escherichia coli (18,
20). Indeed, for the currently available crystal structures of MycP1 and MycP3 orthologs
from Mycobacterium smegmatis and Mycobacterium thermoresistibile were used (18, 19),
which resulted in an increased production and more stable proteins, as compared to MycP1
of M. tuberculosis (18). Unfortunately, both these mycobacterial species belong to the
group of fast-growing mycobacteria, which correlates with the absence of an ESX-5
system in these species.
Here, we describe our efforts to perform a high-throughput in vitro screen to identify
potential MycP1 inhibitors. We efficiently purified MycP1 and developed an assay to select
for MycP1 protease inhibition. Unfortunately, we were unable to identify compounds that
were capable of blocking the processing of full-length EspB by MycP1. In addition, we
tried different approaches to express and produce MycP5 of M. tuberculosis using both E.
coli and M. smegmatis as expression hosts. Interestingly, we observed that fusing MycP5
to a PelB leader sequence resulted in the cytosolic production of MycP5 in a stable and
soluble manner in E. coli, which allowed us to purify sufficient amounts for an initial
characterization of its protease activity.

Results
High-throughput screen (HTS) for MycP1 inhibitors.
Previously, a peptide inhibitor for MycP1 has been designed based on the cleavage site in
EspB (13) and two small compound inhibitors have been selected by in silico screening,
showing moderate activity against MycP1 (17). In order to identify additional and more
potent MycP1 inhibitors, we first set up an in vitro screen to measure MycP1 inhibition.
Previous studies have shown that MycP1 cleaves EspB of M. tuberculosis between
Alanine358 and Serine359 (13, 18, 19). Based on this cleavage site, a peptide containing
an N-terminal quenching agent (Abz) and C-terminal fluorophore (Dnp) that mediate
förster resonance energy transfer (FRET), was designed, consisting of AbzAVKAASLGK(Dnp)-OH (17). This peptide is indeed processed, as observed by increased
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fluorescent signals, both by purified MycP1 of M. tuberculosis (15) and M.
thermoresistibile (18). We selected MycP1 of M. thermoresistibile for our compound
screen because of its solubility, stability and high expression levels. We expressed
MycP1mth, lacking the N-terminal signal sequence and C-terminal TM domain, in E. coli
Bl21(DE3) in Auto-Induction ZYM 5052 medium (21) and were able to purify the
recombinant protein via its N-terminal His-tag in high amounts (Figure 1A).

Figure 1. (A) SDS-PAGE and CBB staining of His-tagged MycP1mth samples obtained from a Histag purification. W, Wash step; E1/E9, selection of elution samples with a linear increasing
imidazole concentration (E1, 5 mM to E20, 250 mM imidazole). The MycP1mth truncate, with an
expected size of approximately 40 kDa, was the major protein found in the elution samples. (B)
Cartoon to illustrate the MycP1 dependent processing of the EspB based FRET-peptide. The
Fluorophore (F) is released from the Quencher (Q) upon hydrolysis by MycP1, resulting in a
fluorescent signal. (C) MycP1-dependent cleavage of the EspB based FRET-peptide, with and
without the serine protease inhibitor PMSF. The processing was measured as an increase in
fluorescence intensity over time.

By incubating MycP1mth with the same EspB-based FRET-peptide as previously used
(18), we observed a gradual increase of fluorescence intensity at 420 nm, confirming that
our purified protease is capable of cleaving the peptide (Figure 1B and 1C). We were able
to completely block the increase of fluorescence by the addition of the general serine
protease inhibitor phenylmethylsulfonyl fluoride (PMSF) (Figure 1C). To provide a
sufficient screening window (Z-factor >0.5) to detect inhibition of proteolytic activity
using a large compound library, the assay was further optimized, e.g. by pre-incubation of
MycP1 with the compounds before addition of the FRET-peptide and by using a peptide
concentration of 100 μM as opposed to 1 mM. This resulted in a fluorescent increase of
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roughly 30% and a coefficient or Z-factor of 0.82. The subsequent high-throughput
compound screen was carried out using a library consisting of over 1600 small compounds
or fragments (22). The benefit of fragment-based drug discovery is that the reduced size
and complexity of the compounds is expected to result in an increased hit chance for
variable targets (i.e. various protein families). These compounds were screened in 384well plates at a concentration of 150 μM by determining the percentage of MycP1
inhibition as a measurement of fluorescence intensity after a 1-hour incubation. The
fluorescence was compared to the initial background signal in the absence of the peptide
and to the fluorescence induced by MycP1 in the absence of any compounds. From the
first screen, 61 compounds showed a reproducible inhibition of MycP1 activity of at least
40% (Figure 2A).

Figure 2. (A) MycP1 inhibition based on reduced fluorescence (%) by a library of >1600 fragments;
only the inhibition by 80 randomly selected fragments is shown. 61 fragments showed an inhibition
of at least 40% from the initial screen. (B) SDS-PAGE analysis and CBB staining of His-tagged
EspBmtub samples obtained from a His-tag purification. W, Wash step; E1/E4, selection of elution
samples with a linear increasing imidazole concentration (E1, 5 mM to E15, 250 mM imidazole).
Full-length EspB of ~65 kDa was the major protein in the elution samples. (C) SDS-PAGE analysis
and CBB staining of co-incubations of MycP1mth (P1), EspBmtub (EspB or E) and a selection of the
tested compounds (C1 to C12). A C-terminal truncate of EspB (<Proc. EspB) was observed after a
4-hour incubation. None of the tested compounds showed an inhibition of MycP1-dependent
processing of EspB.
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To confirm that these 61 compounds inhibited the proteolytic activity of MycP1, we
purified full-length His-tagged EspB of M. tuberculosis (Figure 2B) and determined
whether the compounds could inhibit the cleavage of EspBmtub by MycP1mth. However,
none of the tested compounds resulted in an observable inhibition of EspBmtub processing
by MycP1mth (results for compound 1-12 are shown in Figure 2C). The only observable
effect of various compounds was a slight increase in activity (e.g. for C8, Figure 2C) or
degradation of both EspBmtub and MycP1mth (data not shown). Repeating this experiment
with different concentrations of compound and lower concentrations of MycP1mth and/or
EspBmtub did not result in an inhibition of MycP1mth activity. Based on these results we
conclude that, although our screen allows for a sufficient window to detect MycP1
inhibition, we were unable to successfully identify compounds from the fragment-based
screen that could inhibit MycP1 protease activity.
Attempts to purify MycP5 from E. coli and M. smegmatis.
After our failure to find inhibitors for MycP1, we shifted our focus to MycP5. Based on the
purification and characterization of MycP1 from M. smegmatis and M. thermoresistibile
(18, 19), we first tried to produce soluble MycP5 of both M. tuberculosis and M. marinum,
lacking its N-terminal signal sequence and C-terminal TM domain, in E. coli Bl21(DE3)
under control of an IPTG-inducible T7 promoter. Although both constructs resulted in
stable protein at relatively high production levels, subcellular fractionation showed that
the recombinant proteins were mostly present in the insoluble fraction, which could not
be solubilized with 0.5% Trixon X-100 (Figure 3A). One of the unique aspects of MycP5,
compared to MycP1, is the presence of a long extension in its protease domain, which we
have previously named loop 5 (23). This region contains a processing site, resulting in two
MycP5 fragments that form a stable interacting unit. We have shown previously that
deleting loop 5 in MycP5Mmar did not affect protein stability or functionality (23). As we
did not observe processing of MycP5 after production in E. coli, we hypothesized that a
non-processed loop 5 domain might prevent proper folding of MycP5. To check this, we
also expressed a MycP5mmar variant with a deletion of the loop 5 region. However,
removing loop 5 in our E. coli expression construct (N154-A260) did not improve protein
solubility, although the protein was stably produced (MycP5ΔL5mmar, Figure 3A).
Because small amounts of MycP5mtub were still present in the soluble fraction of E. coli
cells (Figure 3A), we next tried to improve solubility of this protein. For this, we tested
additional expression strains (E. coli BL21 derivatives Rosetta and Rosetta-Gami), lower
growth temperature (20 oC) and different growth media (LB medium supplemented with
IPTG). Although we observed differences in the expression levels, none of the tested
conditions significantly improved protein solubility as compared to our initial expression
conditions in E. coli BL21, i.e. in auto-induction medium at 37 °C (Figure S1A). Next, we
tried to increase the proper folding of recombinant MycP5mtub by slowing down its
159

1
2
3
4
5
6
&

Chapter 5

translation by using the pLEMO plasmid. This plasmid encodes for the T7 RNA
polymerase inhibitor T7 lysozyme, expressed under a tightly regulated rhamnose promoter
(24). However, even at high rhamnose levels, resulting in lower MycP5mtub levels, we were
unable to increase protein solubility (Figure S1B). As a final effort to improve the
solubility, we fused MycP5mtub to Maltose Binding Protein (MBP), both without and with
the signal peptide of PelB of Erwinia carotovora, allowing cytoplasmic and periplasmic
localization, respectively, of the recombinant protein. When using anti-His antibodies that
recognize the N-terminal His-tag we could detect an ~40 kDa product that corresponds to
the molecular weight (MW) of full-length MBP (Figure S1C). In contrast, when we used
anti-MycP5 antibodies, we detected a product at ~65 kDa, corresponding to the MW of
full-length MycP5. In addition, two higher MW bands of ~80 and ~120 kDa could be
observed, which possibly represent N-terminal truncates of the fusion protein and/or
dimers of MycP5 (Figure S1C). We concluded that the MBP moiety is efficiently cleaved
off from the chimeric protein. As we observed similar bands for a MBP-fusion construct
with the active site mutant MycP5mtub::S466A, this processing is not the results of autoproteolysis (SA, Figure S1C).

Figure 3. (A) SDS-PAGE and immunoblot analysis of fractionated and Triton X-100 extracted E.
coli cells expressing MycP5 of M. tuberculosis (MycP5mtub) or M. marinum (MycP5mmar and
MycP5ΔL5mmar). Total, untreated pelleted cells; Soluble, Supernatant fraction obtained after cell
lysis and high-speed centrifugation; Wash1-Wash4, Supernatant of four washing steps with 0.5%
Triton X-100; Inclusion bodies, the remaining pellet after the washes. Proteins were visualized using
anti-N-His antibodies. (B) SDS-PAGE and immunoblot analysis of fractionated M. smegmatis cells
expressing MycP5 of M. tuberculosis, with or without its native signal sequence (-ss and +ss).
Bacteria were lysed and centrifuged to obtain a pellet (insoluble) and supernatant (soluble) fraction.
Full length MycP5 is depicted with <MycP5, whereas the C-terminal processed fragment is depicted
with <C-term MycP5. Proteins were visualized using anti-Strep antibodies.
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As none of these E. coli expression constructs and conditions provided us with
sufficient soluble MycP5, we switched to M. smegmatis as an alternative expression host.
We first used the tetracycline inducible expression system in M. smegmatis (25), which
our lab has previously successfully used for the recombinant production of IniR (26).
Unfortunately, this did not result in detectable production of MycP5mtub (data not shown).
Subsequently, we used the acetamide inducible system (27), which resulted in both stable
and soluble MycP5mtub, lacking both the N-terminal signal sequence and the C-terminal
transmembrane domain, as detected using antibodies against the introduced C-terminal
Strep-tag (-ss, Figure 3B). However, expression levels were too low in this condition for
efficient purification. We then tried periplasmic localization using the native N-terminal
signal sequence of MycP5. We did observe a slight increase in protein levels, and
interestingly an additional band of ~30 kDa (+ss, Figure 3B). This indicates that, similarly
as we previously determined for MycP5 in M. marinum, MycP5 of M. tuberculosis is also
processed in the loop 5 extension in M. smegmatis, but only when it is targeted to the
periplasm. However, protein levels of this MycP5 construct were still too low to allow
efficient protein purification.
The signal peptide of PelB solubilizes MycP5mtub
As periplasmic localization of MycP5 improved its expression in M. smegmatis, we fused
our initial MycP5mtub construct for E. coli expression to the signal peptide of PelB of E.
carotovora, similar as we tried for the MBP fusions, and expressed it in E. coli. This
resulted in a stable production of MycP5mtub, both for the wild-type version and an active
site mutant (WT and SA, Figure 4A). Surprisingly, osmotic shock treatment, which
resulted in the release of the periplasmic control protein SurA, did not release our
recombinant protein, instead it remained associated with the bacterial pellet (Figure 4B).
This indicates that MycP5 was not localized to the periplasm. Overproduction of signal
sequence-containing proteins can saturate the Sec translocon, resulting in a decreased
amount of (mature) proteins present in the periplasm and protein (aggregates) in the
cytosol. Using the pLEMO system to slow down and decrease protein production has
previously been shown to result in increased amounts of mature protein in the periplasm
of E. coli (28). However, finetuning the production of PelBss-MycP5mtub with the pLEMO
plasmid did not improve the translocation of MycP5mtub to the periplasm of E. coli (Figure
S2).
When we fractionated the E. coli cells and performed an initial purification, we were
surprised to see that the cytosolic recombinant MycP5mtub protein, probably still containing
the PelB signal sequence, was soluble and could be readily purified by its C-terminal Histag (Soluble and His E lanes, Figure 4C). Although the protein levels were relatively low,
e.g. compared to the previous production and purification of MycP1mth (Figure 1A), we
could scale up the protein production and finetune the purification to increase the purity.
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Figure 4. (A) SDS-PAGE and immunoblot analysis of E. coli cells expressing wild-type MycP5
(WT) and the corresponding active site mutant (SA) after 0 and 20 hours of growth in AutoInduction medium. PelB-ss-MycP5mtub was visualized using anti-C-His antibodies. (B) SDS-PAGE
and immunoblot analysis of fractions obtained after periplasmic extraction of E. coli BL21 cells
expressing PelB-ss-MycP5mtub. Whole cells, untreated pellet fraction; Pellet; pellet fraction after
osmotic shock; Osmotic shock, Supernatant after extraction of periplasmic proteins with 5 mM
MgSO4. MycP5mtub was visualized using anti-C-His antibodies. Immunoblots were additionally
stained for DnaK (cytoplasmic control) and SurA (periplasmic control). Numbers indicate two
experimental replicates (C) SDS-PAGE analysis of PelB-ss-MycP5mtub samples obtained after cell
fractionation and His-tag purification. His E, Talon beads purification of the His-tagged MycP5mtub;
TEV FT, Talon beads Flow Through after removal of the His-tag of MycP5mtub by AcTEV; SEC,
pooled MycP5 peak fractions after size exclusion chromatography (Superose 6 10/300 GL). Proteins
were directly stained with CBB or after immunoblotting using anti-C-His and anti-MycP antibodies.

By using a 30,000 MWCO spin filter column and cleaving the C-terminal His-tag using a
TEV cleavage site, followed by applying the sample for a second time on a His purification
column, we were able to remove most of the background proteins (TEV FT, Figure 4C).
Finally, size exclusion chromatography yielded a highly pure MycP5mtub sample (SEC,
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Figure 4C). As a control for further characterization we also tried to purify the active site
(SA) mutant of MycP5mtub. We were initially optimistic as this protein had higher
production levels as compared to the wild-type variant (Figure 4A). Unexpectedly, when
we fractionated the bacterial cells, this mutant was mostly present in the insoluble fraction
(Figure S3A). However, as we still observed low levels of our protein in the soluble
fraction, we proceeded with the purification and we were able to purify the
MycP5mtub::S466A construct, albeit at lower quantities than the wild-type protein (SEC,
Figure S3). It remains unclear why this active site mutation had such a strong effect on the
solubility of MycP5.
Characterization of MycP5 proteolytic activity
Now that we finally obtained sufficient amounts of purified wild-type MycP5mtub and the
corresponding active site mutant, we performed an initial assessment of the proteolytic
activity of MycP5mtub. We first determined whether MycP5 was capable of hydrolyzing the
common proteolytic substrate casein. However, we found no observable effect when we
incubated casein with MycP5 (Figure 5A), whereas the addition of Trypsin resulted in an
almost complete degradation of this protein. As a previous study reported that EspB is still
processed in the absence of proteolytically active MycP1 in M. tuberculosis (13), we next
investigated whether MycP5 was capable of processing EspBmtub. However, when we
incubated MycP5 with the EspBmtub based FRET-peptide, we were unable to detect any
increase in fluorescence, i.e. hydrolysis of the EspB peptide, whereas we observed a steady
increase in fluorescence when we added MycP1mth (Figure 5B).
Finally, we performed a peptide screen using the PepSets Repli library of FRET
tripeptides (Mimotopes), which consists of 3375 short FRET-peptides divided over 512
pools. The peptides of the library have three variable amino acids in the core, flanked by
glycine residues and an additional two lysine residues at the C-terminus to improve
solubility. If one or more of the peptides in a pool are processed, the fluorophore (MCA)
is released from the quencher (DPA-(Lys)2), resulting in fluorescence emission at 400 nm.
We divided the entire peptide library in two sets, added 1 μM of MycP5 to every pool of
the first set and analyzed whether any of the peptide pools showed increased fluorescence
by measuring the Δfluorescence at 400 nm every 30 minutes. Over a hundred pools of the
512 pools showed an increase in fluorescence above our set threshold (for a random
selection of 50 pools see Figure 5C). By increasing the threshold, we further reduced this
to 73 pools. As we did not have sufficient amount of purified MycP5mtub::S466A to test all
pools at 1 μM, we incubated a random selection of these 73 pools with MycP5mtub::S466A
and none of the pools showed an increase in fluorescence (data not shown). As we were
only capable of performing the peptide screen once and without a proper control for all
pools, we were unfortunately unable to deduce a consensus cleavage sequence for MycP5.
However, the data shows that our purified PelBss-MycP5mtub is proteolytically active.
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Figure 5. (A) SDS-PAGE analysis and CBB
staining of co-incubations of casein and
MycP5mtub or Trypsin. The bands
corresponding to MycP5mtub and Trypsin are
labeled at the right. MycP5mtub was not able
to process casein. (B) Analysis of the
proteolytic activity of MycP1, MycP5 (wildtype and active site (SA) mutant) and
Trypsin on the EspB based FRET-peptide.
Activity is measured as an increase in
fluorescence intensity over time. (C)
Selection of pools from the Pepsets Repli
peptide library (Mimotopes), incubated with
MycP5mtub. Cleavage of one or more of the
peptides in a pool is detected as an
increase in fluorescence intensity.
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Discussion
In this study, we set out to identify MycP1 inhibitors and to characterize the proteolytic
activities of MycP5. For the first aim, we have set up a screen to identify potential MycP1
inhibitors from a fragment-based compound library. From the >1600 small compounds
that were tested, we identified 61 that showed at least a 40% decrease in fluorescence
produced by the FRET-peptide. Unfortunately, none of the tested compounds showed any
inhibition of MycP1 activity on full-length EspBmtub. The most-likely explanation for these
‘false positive’ inhibitors is that (some of) the 61 compounds directly affected the
fluorophore on the FRET-peptide, thereby reducing the fluorescence signal or resulting in
a precipitation of the peptide. However, the HTS screen can still be further improved. As
the MycP1 ortholog of M. thermoresistibile is relatively inefficient in cleaving EspBmtub
and the FRET-peptide derived from the cleavage site of this substrate (Figure 1C), an
EspB peptide based on the EspBmth cleavage site could be developed. Alternatively,
MycP1mtub could be used in future screens, as this protein was shown to be able to cleave
EspBmtub peptide four times more efficiently (15), providing a larger screening window
(up to a 120% increase in the fluorescent signal compared to the current 30%). In addition,
identifying inhibitors of MycP1 of M. tuberculosis would allow faster progression towards
more potent inhibitors of the M. tuberculosis protein and also to the testing of these
compounds on whole M. tuberculosis cells. It should also be noted that MycP1 is expected
to have a high substrate selectivity due to its rather deep active site pocket (18). This would
mean that inhibitory compounds are more difficult to identify. Future inhibitor screens
should preferably be based on larger compound libraries with a higher structural variation,
increasing the chance to select for an inhibitory compound. One of our initial ambitions
for a MycP inhibitor screen was to identify a drug that is able to block multiple mycosins,
as multiple crucial proteins would greatly reduce resistance development. However, the
high substrate selectivity of mycosins most-likely also strongly reduces the chance to
identify inhibitors that can directly target multiple mycosins.
For our second aim, to investigate the proteolytic activity of MycP5, we tried to purify
MycP5mmar and MycP5mtub, using E. coli and M. smegmatis as expression hosts. We tried a
wide range of different expression conditions that could potentially prevent protein
aggregation, but none of the conditions showed any effect on protein solubility. In one of
these conditions, we fused MBP to the N-terminus of MycP5mtub, as MBP is known to be
able to strongly increase protein solubility of its fusion partner (29). However, MycP5 was
efficiently processed from MBP. We have frequently used MBP in our lab in the past and
this was the first time that we observed such a phenotype. We were initially excited as we
thought that possibly MycP5 itself was responsible for this processing, but when we
created an active site mutant of MycP5 we found that this processing still occurred (SA,
Figure S1C).
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In addition, we removed the loop 5 extension of our E. coli produced MycP5. While
MycP5 is processed in loop 5 in M. marinum, this extension is not required for
functionality or stability of the protease (23). As we hypothesized that this extension,
which is not cleaved in E. coli, might be unstructured and thereby prevent proper folding
of MycP5 in E. coli, deleting this domain also resulted in highly insoluble recombinant
protein. Interestingly, when we expressed the same protease domain with its native signal
sequence in M. smegmatis (+SS, Figure 3B), this protein was not only stable and soluble
but we also observed processing at a similar site as in M. marinum. This shows that the
processing of MycP5 is not limited to M. marinum but also occurs for MycP5 of M.
tuberculosis in M. smegmatis and furthermore does not require the C-terminal membrane
anchor. In addition, it shows that the processing is not performed by an ESX-5 protein or
ESX-5 substrate, as the ESX-5 system is not present in M. smegmatis. We also observed
this processing for the active site mutant of MycP5 with its native signal sequence, showing
that it is not an auto-proteolytic event (Figure S1D). As we only detected full-length
MycP5mtub when it was produced without its native signal sequence in M. smegmatis, the
processing is most-likely mediated by a periplasmic protease. While none of the above
approaches resulted in a sufficient amount of soluble MycP5, alternative solubilizing
fusions, e.g. using glutathione S-transferase (GST), can still be tried. A potential more
promising alternative is to use MycP5 of Mycobacterium xenopi, as the ESX-5 system of
M. xenopi was used to obtain the first structural image of a T7S complex (10). This system
allowed a high production and yielded relatively stable ESX-5 membrane complexes when
expressed in M. smegmatis. In addition, high amounts of the soluble domain of the ATPase
subunit of this M. xenopi complex, EccC5, could also be purified from M. smegmatis (10).
We were very surprised to see that the fusion of MycP5mtub to PelB-SS resulted in a
stable and soluble protein in E. coli, while it did not localize to the periplasm (Figure 4B).
How the N-terminal fusion of the PelB signal sequence solubilizes MycP5 remains unclear.
Possibly, recognition of this signal sequence by a chaperone, e.g. SecB, prevents
misfolding of MycP5. As binding of SecB usually prevents the folding of signal sequence
baring proteins to allow their translocation through the Sec-translocon, in the case of
MycP5mtub SecB could be unable to prevent the folding of the protease in the cytoplasm,
also providing an explanation why MycP5mtub was not translocated to the periplasm.
Possibly even more surprising was the strong effect of the S466A mutation on the
solubility of PelB-SS- MycP5mtub, which resulted in an almost completely insoluble protein
(Figure S3). A possible explanation for this is that soluble MycP5 is capable of binding
and processing E. coli proteins, but that these substrates remain attached to the
proteolytically inactive MycP5::S466A, thereby triggering protein aggregation. However,
as we are only able to efficiently purify the soluble MycP5, we did not observe any of these
potential substrates bound to MycP5 during the purifications.
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The initial characterization of purified PelB-SS-MycP5mtub showed that this protein is
not capable of degrading either casein or the EspB based FRET-peptide (Figure 5A & 5B).
This result is not highly surprising, as the active site mutant of MycP1 has a strong
phenotype in M. marinum and M. tuberculosis, making it unlikely that MycP5 is capable
of taking over the processing of EspB (9, 13). Indeed, this suggests that there is no
substrate redundancy between the mycosins, which was also proposed based on
differences in the surface residues of the substrate binding pocket of MycP1 compared to
MycP3 (18). Finally, we could not draw strong conclusions on the preferred consensus
cleavage sequence of MycP5 from our peptide screen due to technical issues. As our active
site mutant (S466A) was highly insoluble, an alternative should be used as a proper
negative control. In a previous study we described MycP1 and MycP5 variants with the
bulky residue Tyrosine at the substrate binding pocket to prevent the binding of substrates.
This bulky mutant could potentially produce a soluble protease-dead variant that does not
bind substrates. As we did observe a strong increase in fluorescence for multiple pools,
which we could not observe when we incubated a selection of these pools with our active
site mutant, the screen indicates that MycP5 is proteolytically active. Thus, our study
provides a starting point for further studies to identify the cleavage sequence for MycP5,
which could lead to the identification of possible substrates of this mycosin protease.

Materials & Methods
Bacterial strains and culture conditions
All experiments with M. smegmatis were performed with M. smegmatis MC2155, which
was grown at 37 °C on 7H10 agar with 10% Middlebrook OADC or in Luria-Bertani (LB)
liquid medium supplemented with 0.05% Tween-80 at 150 rpm, unless otherwise
specified. E. coli DH5α was used for DNA cloning and grown at 37 °C on LB agar or in
LB liquid medium at 200 rpm. Recombinant proteins were expressed and purified from E.
coli Rosetta (unless as stated in BL21(DE3) or Rosetta-Gami), which was grown on LB
agar at 37 °C or in liquid medium; either in LB liquid medium or Auto-Induction ZYM5052 medium (21). When appropriate, medium was supplemented with the following
antibiotics: kanamycin, 25 µg ml-1, hygromycin 50 µg ml-1 and streptomycin 35 µg ml1.
Cloning
The E. coli expression plasmids for MycP1 from M. thermoresistible and EspB of M.
tuberculosis have been described previously (18). The region encoding the protease
domain of Rv1796 or MycP5mtub (Figure 3A) was amplified from Hv37Rv genomic DNA
(gDNA), with the anchored primers Rv1796 NdeI FW and Rv1796 XhoI REV (Table S1),
digested with NdeI and XhoI and ligated into similarly digested pET16b. The proteolytic
domain of Mm2678 or MycP5mmar (Figure 3A) was amplified from M. marinum M gDNA
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(30), with the anchored primers Mm2678 NdeI FW and XhoI REV (Table S1), digested
with NdeI and XhoI and ligated to pET28a. The loop 5 extension was removed with nested
primers in order to create pET28a-mycP5ΔL5mmar (Table S1). The acetamide inducible
pJAM-mycP5mtub (Figure 3B) was prepared both with and without the region encoding the
N-terminal signal sequence (Rv1796 NdeI FW or Rv1796 SS NdeI FW & Rv1796 EcoRI
Strep REV, Table S1). The obtained products were digested with NdeI and EcoRI and
ligated into digested pJAM (27, 31). The MBP-MycP5mtub fusions (Figure S1C) were
prepared by amplifying Rv1796 from Hv37rv gDNA with the anchored primers Rv1796
MBP SpeI FW and Rv1796 MBP HindIII REV (Table S1), digested with SpeI and HindIII
and ligated to pET29b. Using the created plasmid as a template, the mbp-mycP5mtub
construct was amplified, digested with NcoI and XhoI and ligated to pET22b. For both
constructs the SA mutation was inserted with nested primers (Table S1). Finally, the
PelBss-MycP5mtub fusion (Figure 4) was obtained by amplifying mycP5 with anchored
primers (NcoI and XhoI, Table S1), digested and ligated to pET22b. All PCR reactions
were performed with Phusion DNA polymerase and all obtained products and generated
constructs were sequenced.
MycP1 and EspB protein purification and compound screen
E. coli BL21(DE3) expressing MycP1mth was grown for 20 hours in Auto-Induction ZYM5052 medium. Cells were harvested and washed with cold PBS before resuspension in
binding buffer (50 mM sodium phosphate, 300 mM NaCl and 5 mM imidazole, pH 7.4).
Cells were incubated with lysozyme and DNAse before mechanical lysis with a Stansted
Pressure Cell Disruptor (Stansted Fluid Systems Ltd). The lysate was subsequently
centrifuged at 10,000 rcf for 30 minutes. The resulting supernatant was loaded onto a
prewashed HiTrap Talon crude column (GE life sciences), the column was washed with
10 column volumes (CV) binding buffer and protein was eluted with 20 CV 0-100%
elution buffer (binding buffer with 250 mM imidazole). Based on UV absorption and SDSPAGE analysis of the elution samples, the peak fractions were pooled and dialyzed
overnight in 50 mM sodium phosphate and 150 mM NaCl, pH 7.4.
The quenched fluorescent peptide, Abz-AVKAASLGK(Dnp)-OH (Genscript), is
based on the cleavage site of EspBmtub by MycP1. The peptide was dissolved in DMF to a
concentration of 10 mM. The fragment-based compound library has been described
previously (20). The compound screen was performed with 100 μM EspBmtub peptide, 1
μM MycP1mth and 150 μM of the respective compound in 50 mM HEPES, 100 mM NaCl,
pH 7.5. The subsequent screen was performed at medicinal chemistry, VU university.
Compounds were pre-incubated with MycP1mth for 1 hour at 37 °C, prior to the addition
of the FRET-peptide. As a positive control for proteolytic inhibition, 1 mM PMSF was
used. Samples were incubated for 1 hour at 37 °C and results were obtained by a
fluorescence readout with the Biotek Synergy H1 (340/10 – 410/80).
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Full length EspBmtub was purified similar as described for MycP1mth, with the following
modifications: E. coli Rosetta, expressing EspBmtub, was grown to an OD600 of 0.5 in LB
liquid medium and subsequently induced with 0.5 mM IPTG for 4 hours at 18 °C and 200
RPM. Cells were resuspended in a 50 mM Tris-HCl buffer, with 300 mM NaCl, pH 8.0
(EspB binding buffer). Subsequent lysate preparation steps, column loading and washing
were similar as described above. Protein was eluted with 15 CV EspB binding buffer with
a gradient from 0 to 100% 250 mM imidazole. Based on the CBB stain and UV absorption,
peak fractions were pooled and dialyzed overnight in 20 mM Tris-HCl, 150 mM NaCl,
pH 8.0. A selection of compounds (200 μM) from the peptide screen was co-incubated
with the purified EspBmtub (10 μM) for 1 hour at 37 °C, after which MycP1mth was added
(10 μM), followed by an additional 4-hour incubation at 37 °C. Samples were analyzed by
SDS-PAGE followed by CBB staining.
MycP5 expression, fractionation and purification
The various E. coli expression constructs, both of M. tuberculosis and M. marinum
mycP5¸were expressed in E. coli BL21(DE3) in Auto-Induction ZYM-5052 medium and
grown for 20 hours at 200 RPM and 20 °C, unless otherwise stated. Fractionations were
performed by resuspending pellets in lysis buffer (100 mM Tris-HCl, 300 mM NaCl, pH
7.4), after which a sample was taken (Total). The lysate was sonicated 4x15 seconds and
incubated with lysozyme and DNAse for 15 minutes on ice, after which it was centrifuged
at 15,000 rcf for 15 minutes. A sample of the supernatant was taken (Soluble) and the
pellet was treated with 4 washing steps of 0.5% Triton (Wash 1-4). The final remaining
pellet was resuspended in SDS loading buffer. The impact of the pLEMO system on
protein solubility or subcellular localization was analyzed with the pLEMO21 plasmid in
the presence of 0-1000 μM rhamnose, while grown in Auto-Induction ZYM-5052 medium
at 20 °C. The M. smegmatis acetamide inducible plasmid pJAM was induced with 0.2%
acetamide overnight in 7H9 liquid medium with 0.02% Tyloxapol and 0.02% glycerol at
either 20 or 37 °C and 150 rpm. Total samples of all expression experiments were taken
at various time points after induction, washed once with cold PBS and resuspended in SDS
loading buffer. M. smegmatis with the acetamide induced expression of MycP5 was
mechanically lysed with the Stansted Pressure Cell disruptor and centrifuged at 55,000
rcf, resulting in a pellet (Insoluble) and Supernatant (Soluble) fraction. The pellet was
resuspended in 1x SDS loading buffer and concentrated SDS loading buffer was added to
the supernatant. A periplasmic extraction was performed with an osmotic shock. Cells
were harvested for 20 minutes at 6000 rcf, washed once with cold PBS and gently
resuspended in ice-cold 100 mM Tris-HCl pH 8 with 20% sucrose and 1 mM EDTA
(sample, Whole Cells). Cells were slowly stirred (250 rpm) for 15 minutes on ice, followed
by a centrifugation step of 3,000 rcf for 15 minutes. The resulting pellet was directly, but
gently, resuspended in ice cold 5 mM MgSO4 and incubated for 15 minutes on ice with
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slow stirring (250 rpm), followed by a final centrifugation step at 10,000 rcf for 10
minutes. Samples were taken of the resulting pellet (Pellet) and supernatant (Osmotic
Shock).
BL21(DE3) expressing pelB-MycP5mtub protein was grown in LB liquid medium at 37
°C to an OD600 of 0.5, washed, diluted and further grown in Auto-Induction ZYM-5052
at 200 RPM and 37 °C to an OD600 of 0.5, after which the temperature was lowered to 20
°C and incubated for another 20 hours. Cells were harvested, washed with cold PBS and
resuspended in binding buffer (50 mM sodium phosphate, 300 mM NaCl, 5 mM
imidazole, pH 7.5). Cells were lysed with the Stansted Pressure Cell Disruptor and
incubated with DNAse and Lysozyme for 30 minutes on ice. Cell debris were pelleted at
3,000 rcf for 10 minutes and discarded. The subsequent lysate was centrifuged at 60,000
rcf for 30 minutes, after which a sample was taken of the supernatant (Soluble) and pellet
(Insoluble) fractions. The supernatant was subsequently loaded onto prewashed Talon
Metal Affinity Resin (TaKaRa), washed with 10 CV lysis buffer and eluted with 10 CV
elution buffer (lysis buffer supplemented with 250 mM Imidazole). The eluate was
concentrated with a 30,000 MWCO spin filter column (Pierce, ThermoFisher Scientific),
after which a sample was taken (His E), before overnight incubation with acTEV protease
(Invitrogen) to remove the His-tag, while dialyzing in lysis buffer. The dialyzed sample
was loaded onto the Talon Metal Affinity Resin and the flow-through containing the nonHis-tagged MycP5 was collected (sample TEV FT). The resulting flow-through was
subsequently loaded onto a Superose 6 10/300 GL column and peak fractions containing
full-length MycP5 were collected, pooled (sample, SEC) and concentrated with a 30,000
MWCO spin filter column. All MycP5 samples were analyzed with SDS-PAGE, proteins
were either stained with CBB or transferred to a nitrocellulose membrane and stained with
the appropriate antibodies. Proteins were stained with anti-His (Both C and N-terminal,
Abcam), anti-Strep, anti-MycP5 (8), anti-SurA (J. Tommassen, Utrecht University, The
Netherlands), or anti-DnaK.
Protease assay
MycP5 protease activity was analyzed by its capability of processing the substrate casein
(Sigma); as a positive control trypsin (Sigma) was used. Casein was dissolved in PBS and
incubated with 5 uM MycP5 or Trypsin in 50 mM phosphate buffer, pH 7.5 with 2 mM
CaCl2 and 2 mM CuCl2 at 37 °C for 18 hours. Proteins were analyzed with SDS-PAGE
and visualized by CBB staining. The activity of MycP5 on EspB was investigated by the
capability of MycP5 to hydrolyze the EspB peptide (Abz-AVKAASLGK(Dnp)-OH). As
positive controls MycP1 and Trypsin were used. The EspB peptide was diluted to 100 μM
and incubated with 1 μM of MycP1, MycP5, MycP5::S461A or Trypsin and incubated at
37 °C at 150 RPM. Protease activity was determined by fluorescence intensity read-outs
every 90 minutes and obtained with the Biotek Synergy H1 (320/420). The FRET-peptides
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used in the peptide screen (Pepsets, Repli, Mimotopes) were dissolved in 5 μL 50%
acetonitrile. Peptides were further diluted with 45 μL PBS with 2 mM CaCl2. Purified
MycP5 was added to each well at a concentration of 1 μM. Samples were incubated at 37
°C and the δ fluorescence intensity was measured every 30 minutes (320/40 excitation and
400/30 emission).
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Supplemental materials

Figure S1. (A) SDS-PAGE and immunoblot analysis of MycP5mtub production levels in E. coli
strains BL21, Rosetta and Rosetta-Gami grown at 20 or 37 oC. Bacteria were pelleted and analyzed
after 0 or 3 hours of IPTG induction (hpi). MycP5mtub was stained with anti-N-His antibodies. (B)
SDS-PAGE and immunoblot analysis of MycP5mtub expression in the presence of the pLEMO
plasmid and after rhamnose titration. Total, whole cells; Soluble, Supernatant after lysis and highspeed centrifugation; Insoluble, Pellet after lysis and high-speed centrifugation. MycP5mtub was
stained with anti-N-His antibodies. (C) SDS-PAGE and immunoblot analysis of MBP-MycP5mtub
production, both with and without the PelB leader signal sequence (-ss and +ss) and both of wildtype (WT) and the active site mutant (SA) of MycP5. The processed fusion proteins were stained
with anti-N-His and anti-MycP5 antibodies. (D) SDS-PAGE and immunoblot analysis of whole cell
lysates M. smegmatis, expressing wild-type (WT) and the active site mutant (SA) of MycP5mtub with
its native signal sequence (+ss). The Immunoblot was incubated with anti-Strep antibodies.
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Purification and proteolytic characterization of MycP

Figure S2. SDS-PAGE and immunoblot analysis of
fractions obtained after a periplasmic extraction of E.
coli BL21 cells containing the rhamnose inducible
pLEMO system, affecting the expression PelB-ssMycP5mtub. Whole cells, untreated pellet fraction;
Pellet, pellet fraction after osmotic shock; Osmotic
shock, Supernatant after extraction of periplasmic
proteins with 5 mM MgSO4. MycP5mtub was stained
with anti-C-His antibodies. Immunoblots were
additionally stained for DnaK (cytoplasmic control)
and SurA (periplasmic control).

Figure S3. (A) SDS-PAGE analysis and CBB staining of samples obtained after cell fraction and
purification of PelB-ss-MycP5mtub::S466A. His E, Talon beads purification of the His-tagged
MycP5mtub::S466A; TEV FT, Talon beads Flow Through after removal of the His-tag of MycP5mtub
by AcTEV; SEC, pooled MycP5 peak fractions after size exclusion chromatography (Superose 6
10/300 GL). (B) SDS-PAGE and immunoblot analysis of the fraction and purification samples
shown in Figure S3A. Immunoblots were stained with anti-C-His and anti-MycP antibodies.
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Table S1. List of primer used in this study.
Name
Sequence (5’ → 3’)
Rv1796 NdeI
ggccatatgatttcgcctccgacgatcg
FW
Rv1796 XhoI
gccctcgagctacaccatatcgcggggggc
REV
Mm2678 NdeI
ccgcatatgatcaatcctccgaccattga
FW
gccgctcgagctacacgtcccaggtgaggg
Mm2678 XhoI
REV
Mm2678dLoop5 gtgcggcgccggccaacgatgcattcagcgggattg
FW
Mm2678dLoop5 caatcccgctgaatgcatcgttggccggcgccgcac
REV
ggccatatgatcaatcctccgaccattgat
Rv1796 NdeI
FW
Rv1796 Strep
ggcgaattctcacttctcgaactgcgggtggctccagctagccacatcccaagtcagtgct
EcoRI Rev
Rv1796 SS NdeI ggccatatgcagcgattcggtaccgtta
FW
RV1796 MBP
ggcactagtatttcgcctccgacgatcg
SpEI FW
Rv1796 MBP
ccgaagcttctacaccatatcgcggggggc
HindIII REV
Rv1796 MBP
ggcgaattcagaaggagatatacatatgcat
NcoI FW
Rv1796 SA FW
tggttccggctggcaccgccttttccgccgcgatcgtgt
Rv1796 SA
acacgatcgcggcggaaaaggcggtgccagccggaacca
REV
Rv1796 NcoI
ggcccatggatatttcgcctccgacgatcg
FW
Rv1796 XhoI
gccctcgagcaccatatcgcggggggc
His REV
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Summarizing discussion
Since the initial discovery of type VII secretion (T7S) systems, nearly two decades ago
(1–3), their critical role in the virulence and viability of pathogenic mycobacteria such as
Mycobacterium tuberculosis has become evident. Notably, the importance of
mycobacterial T7S is demonstrated by the absence of a large portion of the T7S esx-1 gene
cluster in the live vaccine strain Mycobacterium bovis BCG (4); this deletion has been
shown to be one of the main factors in the attenuation of this strain (5, 6). Due to the
importance of the ESX-1 system in virulence and pathogenicity, T7S has become a major
research area. This has resulted in the identification of multiple genomic esx clusters, of
which Mycobacteria can have up to five (ESX-1 to ESX-5). Interestingly, the basis of this
diversification could come from various (conjugative) plasmids that carry esx gene
clusters (7, 8). Additionally, a large number of T7S substrates and the structural
components have been identified. More recent studies have shed light on the structure and
architecture of the core ESX-secretion complex and the mechanisms involved in the
secretion process. Of the five conserved membrane-embedded components, EccB, EccC,
EccD and EccE have been shown to make up the core secretion complex (9, 10), whereas
the function of the fifth conserved membrane component, the Mycosin protease (MycP),
remained unknown. In this thesis, we describe our efforts to understand the role(s) of these
unconventional proteases within T7S systems, their relation to the other membraneembedded ESX-components and their potential as drug targets in high-throughput
screening (HTS).
A dual role of mycosin proteases in mycobacterial T7S systems
Mycosins are highly conserved in T7S, not only in the ESX systems of mycobacteria, but
also in related systems throughout Actinobacteria, indicating that they play an important
role in T7S. The importance of the mycobacterial mycosins was already suggested prior
to the discovery of these secretion systems due to the multiplicity and constitutive
expression of mycosins in M. tuberculosis (11). Initially, it was thought that these
proteases were not limited to the cell envelope fraction, but were also released into the
culture filtrate, possibly playing a role during the infection of macrophages (12). After the
discovery of T7S, and the presence of the mycosin proteases in these systems, these
proteases were hypothesized to be linked to the processing of secreted substrates or to a
role in the regulation of T7S (2, 13). Following the initial characterization of the ESX-1
secretion system and several of its substrates, it was found that MycP1 is required for ESX1 dependent secretion in M. tuberculosis (14). Usually, creating an active site mutant in a
predicted enzyme leads to predictable results and seems like a dull control, but not for
mycosins. Surprisingly, protease activity of MycP1 was not required for secretion; instead
the proteolytic inactive mutant resulted in increased secretion of ESX-1 substrates as
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compared to wild-type levels (14). Thus, it remained unknown why MycP1 was required
for ESX-1 secretion.
In chapter 2 we describe that MycP1 of Mycobacterium marinum shows a similar
phenotype as MycP1 of M. tuberculosis, i.e. MycP1 is required for secretion but proteolytic
activity itself is dispensable for this process. Moreover, exactly the same results were
obtained for the role of MycP5 in ESX-5 secretion. As proteolytic activity of mycosins is
not required for secretion, we hypothesized that mycosins may function as a chaperone in
T7S. However, when we blocked the substrate binding pocket of MycP1 and MycP5 with
a bulky tyrosine residue, this did not impact its functionality. This seems to exclude that
substrate binding to MycP is required for protein secretion and therefore the protease
probably does not function as a chaperone. Instead, we found that both MycP1 and MycP5
are required for the stabilization of their respective ESX-complex, explaining their
essential role in ESX secretion. The role in complex stabilization was unexpected as MycP
is not an integral component of the ESX-5 complex (9). Thus, based on our work in chapter
2 and the previous study on MycP1 of M. tuberculosis, MycP1 is now known to have two
roles in mycobacterial T7S, one being the regulation of ESX-1 secretion by the processing
of EspB and a second role in the stabilization of its ESX-complex. It is unknown whether
the first role, the processing of EspB, is a conserved feature, i.e. whether the other
mycosins are also involved in the regulation of secretion by processing one or more of its
substrates. However, the stabilization of its respective ESX-complex appears to be a
conserved function for at least two mycosins, MycP1 and MycP5, and because MycP3 is
also essential for ESX-3 functioning, we hypothesize that this stabilization is universal for
mycosins. To obtain a better understanding of MycP it is important to separate these two
functions, i.e. the proteolytic activity of mycosins and the role in the stabilization of the
ESX-complex. First, the role of proteolytic activity of mycosin will be discussed.
Similarly as previously found for M. tuberculosis, the active site mutant of MycP1 of
M. marinum resulted in an increased secretion of the ESX-1 substrates EsxA, EsxB and
EspE (chapter 2). In line with this observation, we found that contact-dependent
hemolysis of red blood cells was increased by this strain. However, in conflict with the
increased secretion and increased hemolysis, the study of Ohol et al. showed that the
proteolytic inactive MycP1 mutant resulted in attenuated virulence of M. tuberculosis
during a chronic infection in mice (14). This disparity between increased secretion of
virulence factors and reduced virulence was explained by the altered processing of EspB.
Additionally, the high immunogenicity of several of the ESX-1 substrates that show
increased secretion in the active site mutant of MycP1, such as EsxA and EsxB, might
result in an increased detection of M. tuberculosis by the immune system during later
infection stages, resulting in its faster eradication. Alternatively, the timing of the different
events in the infection process could be disturbed by the premature phagosome escape of
the bacteria, triggered by the increased secretion.
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The increased secretion in the absence of proteolytically active MycP1 has been linked
to the only known mycosin substrate, EspB. MycP1 of M. tuberculosis processes EspB at
two sites near its C-terminus, with a third cleavage site being processed independent of
MycP1 (14). We showed that this phenotype is also found in M. marinum, as the active site
mutant of MycP1 resulted in an upward shift of the molecular weight of EspB in the
supernatant fraction. EspB is an ESX-1 substrate that forms a PE/PPE-like fold by itself
and is therefore expected to be secreted as a monomer. Interestingly, EspB multimerizes
upon secretion and forms heptameric tubular-shaped particles after overexpression in
Escherichia coli (15, 16). Based on this, it has been hypothesized that EspB is partially
embedded in the outer membrane and involved in the translocation of ESX-1 substrates
across this membrane. This hypothesis is supported by the observation that EspB is
required for the secretion of several ESX-1 substrates, such as EsxA and EsxB (17). It was
shown that the MycP1-dependent cleavage of the C-terminal fragment of EspB was not
required for the formation of these ring-shaped oligomers. Instead, a comparison of the
EspB ring structural models with and without the C-terminal region showed that the Cterminus is present as an appendage protruding from the top of the ring. Based on this, the
processing of this appendage by MycP1 could affect the translocation of ESX-1 substrates
through a potential outer membrane EspB channel. Although it remains to be confirmed
whether EspB forms an outer membrane channel for (several of the) ESX-1 substrates, the
available data provides a potential mechanism for the regulatory function of MycP1 on
ESX-1 secretion, where e.g. decreased secretion during later stages of the infection cycle
is achieved by the processing of EspB by MycP1.
As previously stated, it is unknown whether this regulatory function is a conserved
feature for all mycosins. Although we were unable to observe increased ESX-5 secretion
in the MycP5 active site mutant, we cannot exclude the possibility that this regulatory
feature might be restricted to ESX-5 substrates that were not included in our analysis.
Another complicating factor is that there are no EspB homologues that could be linked to
other ESX systems. Recently, several cell envelope associated PE/PPE proteins have been
shown to be involved in the uptake of several nutrients, possibly forming outer membrane
channels (18). In line with this, it is possible that such PE/PPE proteins might be involved
in the translocation of ESX-5 substrates across the outer membrane, with a potential
regulatory role for MycP5, in analogy to EspB and MycP1 in the ESX-1 system.
Alternatively, it is conceivable that this regulatory function is indeed unique for MycP1 as
each ESX system appears to have its own unique regulation mechanisms (19–21). Thus,
the proteolytic activity of the other mycosins could also have a completely different
function, e.g. in the modification and/or activation of secreted substrates.
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Mycosins are associated with and stabilize their respective ESX-complex
The initial study of MycP1 of M. tuberculosis already hypothesized that the second
function of MycP1 might be related to an association with and involvement in the
formation of the ESX-1 complex (14). Although subsequent studies on the composition of
the ESX-complex showed that mycosins are usually not an integral component of these
complexes (9, 10, 22), we were able to show that mycosins loosely interact with their
respective complex (chapter 2). This interaction results in complex stabilization, a
process that is independent of the proteolytic activity of MycP. By crosslinking with either
dithiobis(succinimidyl propionate) (DSP) or formaldehyde prior to detergent extraction,
we were able to stabilize the loose interaction of MycP1 and MycP5 with their respective
ESX-complex. Thus, the loose interaction between MycP and its ESX-complex is
interrupted by the addition of mild detergents, such as n-Dodecyl β-D-maltoside (DDM),
which are used to solubilize membrane proteins prior to subsequent purification and
characterization steps (9). Although there are comparable examples known in literature,
e.g. the outer membrane protein PilW stabilizes multimeric PilQ (23), it is difficult to
explain how a loose interaction with MycP would have such an impact on the stability of
the ESX complex. One possible explanation could be that the interaction of MycP with
the ESX complex is not as loose as suggested by the currently available data, but that it is
dependent on its transmembrane region and that this interaction is disrupted by detergents.
To further investigate the involvement of the various MycP domains in the interaction
with the ESX complex we created several hybrid constructs (chapter 4), which we will
discuss later in this chapter.
To obtain a better understanding of how mycosins affect the stability and functioning
of their respective ESX complex, we tried to identify the interaction partners of MycP5.
Following the visualization of the ESX-5 complex of Mycobacterium xenopi by negative
stain electron microscopy (22), we initially set out to use a similar approach to obtain and
visualize ESX-5 complexes with MycP5. In order to do this, we tried to stabilize potential
interactions with crosslinking agents. However, we found that the relatively short
crosslinking agent formaldehyde (2 Å) resulted in an inefficient crosslinking of MycP5 to
the other ESX-5 complex components (van Winden et al., unpublished results). In
contrast, DSP resulted in an efficient crosslinking of MycP5 to the ESX-5 complex, but
this crosslinker interfered with the affinity purification of the complex. As there remains
a lack of biochemical tools for mycobacteria, such as efficient site-specific crosslinking,
we looked for an alternative approach. The oral bacterium Bifidobacterium dentium
contains an atypical T7S gene cluster, as it contains two mycP genes, one of which is fused
to eccB. More specifically, this mycP copy is fused to the region encoding the C-terminal
periplasmic domain of EccB (24). In chapter 3, we mimicked this gene cluster, which
allowed us to obtain stable and functional fusion proteins of EccB-MycP, both of M.
marinum and M. xenopi and for both the ESX-1 and ESX-5 system. These fusions were a
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stable component of their respective ESX-complex and we were able to co-purify the
EccB5-MycP5 fusion protein with the other ESX-5 complex components of M. xenopi.
Unfortunately, we were unable to visualize purified complexes containing MycP5 with
negative-stain electron microscopy. This is possibly a result of the increased heterogeneity
of the ESX-5 complex with the EccB5-MycP5 fusion protein, as we observed multiple
truncations of the fusion protein, which were also co-purified with the EccC5 pulldown.
Nonetheless, our data confirms that MycP carries out its essential stabilizing function in
close proximity of EccB with a potential interaction of the C-terminal periplasmic domain
of EccB with the protease domain of MycP. This model is supported by the recently
published high-resolution structures of the ESX-3 complex, which showed that the Cterminal domain of EccB forms an extended ‘fork’ in the periplasm (25, 26). These
extended forks would allow an interaction of EccB with MycP, where MycP would be
located on the periphery of the ESX complex (Figure 1A and 1B). Based on the model of
the ESX-3 system, it was also suggested that the periplasmic fork of EccB might play an
essential functional role in secretion, as it is located near the periplasmic exit of the central
pore of the complex. This could explain why we observed a loss of ESX-5 secretion when
we tested the EccB5-MycP5 fusion, in which the extended loop 5 of MycP5 was removed
in the eccB5 deletion mutant of M. marinum. The ESX-5 complex in these bacteria would
then only contain EccB5 proteins covalently attached to uncleaved MycP5 (as MycP5 is
processed in this loop), resulting in increased rigidity of the C-terminus of EccB and
thereby interfering with the potential role of the flexible periplasmic EccB forks in the
secretion machinery. Importantly, the substrate binding pocket of MycP is probably not
blocked by its fusion to EccB. Based on a structural model of MycP5, the N-terminus of
MycP (which was fused to EccB5), is located on the distal side compared to the substrate
binding pocket.
As already stated, multiple truncations of the fusion protein were co-purified with the
EccC5 pulldown. Of these observed truncations, one of the more dominant processed
forms (with an apparent molecular weight of ~58 kDa) is expected to consist of full-length
EccB5 and a small N-terminal fragment of MycP5. Based on the presence of these
truncations we hypothesize that a lower number of MycP5 copies are present in the ESX5 complex compared to EccB5. As a result, only part of the fusion protein population
would require full length MycP5 to establish a functional ESX-5 complex. Subsequently,
it may be possible that the remaining population of fused mycosins could interfere with
the proper architecture or functioning of the complex, resulting in their processing. Based
on the available structures of the ESX-3 and ESX-5 complex, we hypothesize that 3 MycP
copies are present in the complex, i.e. one MycP copy per stable unit of two protomers
(dimers), of the ESX complex (22, 25, 26). By subsequently placing MycP in between two
dimers (Figure 1B, dark blue), dissociation of MycP from the complex upon detergent
extraction would result in the observed separation of the hexameric complex into dimers.
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Figure 1. (A) Model of the mycobacterial T7S (ESX) system. The system consists of five conserved
membrane components, of which EccBCDE form the secretion complex, the four components are
present in a 1:1:2:1 ratio (B:C:D:E). Although the mycosin protease (MycP) is not an integral
component of the secretion complex, it associates with the complex by an interaction with EccB,
and is essential for successful secretion. The Esx and PE/PPE substrates are secreted as heterodimers
and are targeted to the secretion complex by a conserved secretion signal (depicted in red), whereas
the cytosolic chaperone EspG is required for directing the PE/PPE pairs to their specific T7S. The
role of the second conserved cytosolic component EccA is uncertain. (B) Top view of a hexameric
model of the ESX membrane complex, consisting of a trimer of dimers (six EccBCDE protomers).
The predicted localization of MycP on the periphery of the complex, near the periplasmic extended
fork of EccB, is shown in dark blue in the bottom model. Notably, there is one MycP copy per
EccBCDE dimer. Adapted from Bunduc et al. (38).
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The high conservation of MycP in Actinobacteria suggests that the proposed
association with and subsequent stabilization of its respective T7S complex is a conserved
feature of mycosins, also outside the Mycobacterium genus. Based on the B. dentium
locus, we also hypothesize that the interaction of MycP with its respective T7S complex
might be more stable in other Mycobacteria and in other Actinobacteria. This hypothesis
is supported by data from our group on the ESX-5 complex of M. tuberculosis. We
expressed the ESX-5 system of M. tuberculosis in Mycobacterium smegmatis and
performed pulldowns on EccC5, which resulted not only in a more stable purified complex,
but also in immunoblot detectable levels of co-purified MycP5 (Bunduc et al., unpublished
results). Based on these preliminary data, MycP might indeed be a more stable component
of the ESX complex in other species, compared to the ESX systems of M. marinum.
Multiple domains of MycP are involved in the interaction with its respective ESXcomplex
Since the protease activity of MycP is not required for the stabilization of the ESXcomplex, we assume that the substrate-binding pocket and active site residues are not
required for this function. This also means that other MycP domains are required for the
association with the ESX-complex. Mycosins contain several features that separate them
from typical subtilisin-like proteases; the protease domain contains three extended loops
and the N-terminal extension is not processed upon protein maturation, nor does it form a
globular domain that blocks the substrate binding pocket (27–29). In chapter 4 we have
shown that all of these distinctive features, i.e. the N-terminal extension and the extended
loops, were not required for system-specific functioning, but instead are expected to be
involved in structural stability and/or substrate binding, which is in accordance with data
from structural studies (27, 30).
Surprisingly, we found that both the protease domain and the transmembrane domain
were ESX system-specific for the stabilization of the ESX-complex by MycP. Based on
our data from chapter 3 and the high-resolution structures of the ESX-3 complex (25, 26),
this would indeed suggest that the protease domain of MycP interacts with the C-terminal
periplasmic fork of EccB. As the interaction of MycP with the complex is easily disrupted
by detergents, we expect that the MycP transmembrane domain is located on the periphery
of the complex. The transmembrane domain of MycP cannot associate with the
transmembrane domain of EccB, as, based on the ESX-3 structure, the EccB
transmembrane domain is located within the center of the complex, where it interacts with
both EccD3 and EccC3 (Figure 1). A possible interaction partner for the C-terminal
transmembrane domain of MycP could be the N-terminal transmembrane domain of EccE,
which is located on the periphery of the complex (22, 25, 26). Interestingly, with the
exception of the esx-4 cluster, eccE is found directly downstream of mycP. However, as
eccE is not present in the esx-4 cluster of mycobacteria, it is also possible that the
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transmembrane domain of MycP binds to the transmembrane domains of EccD. Related
to this, it would be highly interesting to have more functional and structural data for MycP4
and the ESX-4 system.
We set out to pinpoint the residues of MycP5 that might be involved in the interaction
with the ESX-5 complex by utilizing error prone PCR (31). First, we created a hybrid
construct composed of MycP5 with the protease domain of MycP1, which could not
complement an mycP5 deletion mutant (29). Subsequently, we introduced random
mutations in the region encoding the protease domain (van Winden et al., unpublished
results). In addition to this, we introduced random mutations in a full length mycP1 copy.
With a mutation frequency of 7 per 1000 nucleotides we were unable to obtain any
constructs that were capable of complementing ESX-5 secretion in a mycP5 knockout
strain, indicating that multiple residues of MycP are involved in the interaction with its
ESX-complex. Due to the higher sequence identity of MycP5 to MycPP1 of the plasmid
encoded ESX-P1 system, we similarly also tried to perform error prone PCR on a hybrid
construct where we mutated the protease domain of MycPP1. However, we found that the
non-mutated hybrid construct was already capable of functionally complementing a mycP5
knockout (chapter 4). As the pRAW plasmid, containing the esx-P1 cluster is not present
in M. marinum M (7), we also tried to introduce a full-length copy of mycPP1, but this did
not restore ESX-5 secretion. This reaffirms the importance and system-specificity of the
transmembrane domain of MycP. While we failed to identify specific residues of mycosin
that are involved in the essential role of this protein, we did confirm that both the
transmembrane domain and protease domain are involved. In addition, we were able to
narrow down the residues that are involved in this by utilizing error prone PCR and by
comparing the sequence of MycP5 to MycPP1. Combined, our results provide a basis for
future studies to identify the residues involved in the interaction of mycosins with their
respective ESX-complex. Importantly, our results again emphasized that the two functions
of mycosins, i.e. protease activity and complex stabilization, are independent of each other
and are mediated by separate regions of the protein.
Are mycosins suitable targets for anti-TB compounds?
Due to both the inability of the current tuberculosis (TB) vaccine (BCG) to provide lifelong protection and the increased prevalence of multi-drug resistant strains (32), the
identification of novel drug targets has become one of the focus points of TB-related
research. As mycosins are predicted to be periplasmic, contain a conserved active site and
are present and essential in all ESX systems, they have been proposed to be attractive
targets. This was suggested before it was shown that the proteolytic activity of mycosins
is not required for secretion. Although this diminishes the attractiveness for MycP as a
drug target, the mycP1 active site mutant shows decreased virulence indicating that there
is still a potential for compounds targeting the proteolytic activity of one or more mycosins
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(14). It is unknown whether any of the other mycosins possess proteolytic activity and if
this is the case, whether this activity is relevant for viability or virulence. However, the
active site residues are conserved in all mycosins, indicating that proteolytic activity is a
conserved feature. Furthermore, proteases, including subtilisins, are known to be good
targets for drug development. In chapter 5, we investigated the suitability of mycosins as
targets, both by investigating the proteolytic activity of purified MycP5 and by the
development of a high-throughput screen to identify compounds that could inhibit
protease activity of MycP1.
As already discussed, there is only one known mycosin substrate, the ESX-1 substrate
EspB, which is processed at two sites by MycP1. However, as EspB is processed at three
sites, of which one is independent of MycP1, it was initially proposed that one of the other
mycosins could be responsible for this, i.e. that mycosins are proteolytically redundant
(14). A previous study of MycP3 and our work on MycP5 have shown that both of these
proteases are not capable of processing EspB (25, chapter 5). This was confirmed by our
unpublished data on a double knockout mutant of mycP1 and mycP5, where we could not
observe differences in the processing pattern of ESX-1 or ESX-5 substrates as compared
to the single knockout strain, when complemented with a proteolytic inactive MycP1 or
MycP5, respectively (van Winden et al., unpublished results). Finally, the absence of
redundancy is supported by the available crystal structures of MycP1 and MycP3, which
show unique and deep substrate binding pockets, supporting the hypothesis that each
mycosin has its own substrate(s) and that mycosins show high substrate specificity (27).
Initially we expected that MycP5 might be involved in the processing of (several) ESX-5
substrates belonging to the PE_PGRS proteins, such as LipY, as these substrates are
usually processed in Mycobacteria. However, based on the results shown in chapter 2
and 5, MycP5 is either not involved in the processing of these ESX-5 substrates or there
is redundancy with another protease; the latter we expect to be unlikely. A recent study
from our department showed that the PE_PGRS proteins of M. marinum are in fact
processed by a surface localized aspartic protease, termed PE cleavage protein A (PecA)
(33). PecA was shown to be involved in the processing of (nearly all) PE-PGRS proteins,
among which LipY. Interestingly, PecA itself is also secreted by the ESX-5 system. The
PecA homologue of M. tuberculosis (also known as PE_PGRS35) performs a similar
function, showing that the observed function of PecA is not limited to M. marinum (33).
Although we were unable to identify substrates of MycP5, it would be surprising if
there was no natural substrate of MycP5. This is supported by the preliminary data of the
peptide screen of our purified MycP5, which suggests that MycP5 is proteolytically active
(chapter 5). Instead, based on the available structural information of MycP1 and MycP3
(27), revealing a distinctive and deep substrate binding pocket, we predict that the
proteolytic activity of each mycosin is limited to one or several substrates and that their
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activity is not redundant. Hopefully, future functional and structural studies on MycP5 can
shed more light on these potential substrates.
An unexpected and frustrating observation from chapter 5 was the difficulty we had
with the production and purification of stable and soluble MycP5. Our department has
substantial experience with the purification of mycobacterial proteins and although we
have indeed learned that each protein has its own optimal expression system and
conditions, none of these appeared to work for the production and purification of soluble
MycP5. We were very surprised to see that the PelB leader signal sequence stabilized and
solubilized MycP5, while not resulting in the translocation of MycP5 to the periplasm.
Based on the peptide screen, our purified PelB-MycP5 appears to be proteolytically active
and thus properly folded. Accordingly, we hypothesize that MycP5 already folds in the
cytosol, preventing translocation. In addition, we expect that the PelB leader sequence is
responsible for the recruitment of a Sec chaperone, which could help in stabilizing and
solubilizing MycP5. We hope that our work both illustrates the remaining challenges for
the biochemical work on mycobacterial proteins and provides guidance for future studies.
If we combine our data that mycosins do not have the same substrates, with the
structural data on the binding pockets of mycosins, we can conclude that it is unlikely that
a single compound will be able to bind efficiently to the active site of multiple mycosins
to block their activity. This awareness is another downer for the potential of mycosintargeting compounds, as one of its main attractive points was to target multiple crucial
components with a single molecule. Nevertheless, as the active site mutant of MycP1
shows attenuated virulence (14), at least one of the mycosins remains a potential drug
target. Several efforts to identify or develop MycP1 inhibitors have been published (14,
34–36). Using a FRET-peptide, based on the MycP1 cleavage site of EspB (14, 27), we
have set up the first in vitro HTS screen to identify MycP1 inhibitors. With a Z-factor of
0.82 and a fluorescent increase of roughly 30%, our screen showed a sufficient detection
window and robustness. Although the 1,600 screened compounds did not result in a single
component that could successfully inhibit the proteolytic activity of MycP1 on full-length
EspB, the experimental setup is promising and can be used for future compound screens.
In conclusion, we still believe that mycosins, with an emphasis on MycP1, provide
potential drug targets, especially considering the ability to screen for MycP1 inhibitors in
a HTS. However, it must also be stated that the recently discovered surface protease PecA
could provide a strong alternative as a potential drug target.
Concluding remarks
Although the current global Covid-19 pandemic has reiterated the importance of the
research into infectious diseases, continued efforts are also required to combat other
infectious diseases. Notably, M. tuberculosis was responsible for an estimated 1.4 million
deaths in 2019. Combined with the emergence of multi-drug resistant (MDR) and
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extensive-drug resistant (XDR) strains, tuberculosis will continue to impose crucial future
challenges on our health care systems and our ingenuity to combat this disease (32). The
last decades have shown considerable progress in the understanding of tuberculosis and
its causative agent M. tuberculosis, by identifying important virulence factors and unique
physiological characteristics, such as the mycobacterial outer membrane (37). While
structural, functional and clinical studies have identified key components and substrates
of the mycobacterial T7S systems, there remains much work to be done in order to obtain
a clear understanding of these systems. The function of individual components and
substrates remains largely unknown. Mycosin, a critical component of these systems and
conserved in all known T7S gene clusters of Actinobacteria (24), has been mostly absent
in T7S research in the last decade. The work in this thesis provides a major contribution
to the understanding of this mysterious protease and hopefully emphasizes its importance
for mycobacterial T7S secretion. Finally, in line with the emergence of MDR and XDR
M. tuberculosis, we are hopeful that our study assists in the contribution to the ongoing
efforts to identify novel anti-TB compounds.
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Achtergrond
Mycobacterium, het enige geslacht in de familie Mycobacteriaceae, bestaat uit een groep
van bijna 200 verschillende bacteriesoorten. Alhoewel een groot deel van deze soorten
onschadelijke bodembacteriën zijn, is het geslacht Mycobacterium vooral bekend door
twee beruchte infectieziekteverwekkers; Mycobacterium tuberculosis en Mycobacterium
leprae, die de veroorzakers zijn van respectievelijk tuberculose en lepra. Terwijl lepra
tegenwoordig een minder prominente ziekte is, blijft tuberculose een van de meest
prevalente infectieziektes wereldwijd en is het zelfs, met 1,4 miljoen sterfgevallen in 2019,
de meest dodelijke ziekte veroorzaakt door een enkele infectieziekteverwekker. Met de
ontwikkeling van het levende vaccin Mycobacterium bovis Bacille Calmette-Guérin
(BCG), dat met name bij kinderen een verhoogde bescherming geeft tegen tuberculose, en
de beschikbaarheid van een zware en langdurige behandeling met antibiotica is
tuberculose in Europa en de Verenigde Staten sterk teruggedrongen. Echter zijn er grote
investeringen nodig om ook met name in Azië en Afrika de prevalentie terug te dringen.
Met 10 miljoen nieuwe besmettingen in 2019 lijkt de complete uitroeiing van deze
infectieziekte namelijk nog ver weg.
De reden dat tuberculose zo moeilijk te behandelen is komt door een aantal unieke
eigenschappen van M. tuberculosis. De bacterie spreidt zich door de lucht via kleine
druppeltjes, bijvoorbeeld wanneer iemand met een actieve tuberculosebesmetting moet
hoesten. Deze kleine druppeltjes komen vervolgens via de luchtwegen het lichaam van
andere mensen binnen, waarna specifieke immuuncellen, genaamd macrofagen, deze
bacteriën opnemen. Terwijl normaliter opgenomen bacteriën efficiënt worden gedood
door deze immuuncellen, kan M. tuberculosis overleven in deze cellen. Het schuilen in
macrofagen biedt de bacterie een extra bescherming, niet alleen tegen uitroeiing door ons
immuunsysteem, maar ook tegen antibiotica. Twee unieke eigenschappen van deze
bacterie zijn gerelateerd aan het vermogen van de ziekteverwekker om te overleven in
macrofagen. Ten eerste wordt de bacteriële cel omgeven door een unieke celenvelop,
bestaande uit twee membranen, een binnenmembraan (inner membrane, IM) en een
specifieke en zeer ondoordringbare buitenmembraan (outer membrane, OM). Door deze
unieke celenvelop worden veel antibiotica en andere externe stoffen, buiten de bacteriecel
gehouden. Dit is één van de redenen dat tuberculose behandeld dient te worden met
meerdere antibiotica voor een periode van ten minste 6 maanden. Daar bovenop wordt het
door de opkomst van zogeheten multi-drug resistente (MDR) en extreme-drug resistente
(XDR) M. tuberculosis stammen nog lastiger om patiënten succesvol te behandelen. De
tweede unieke eigenschap van de bacterie is de aanwezigheid van de zogenaamde type
VII secretie (T7S) systemen. Alhoewel de ondoordringbaarheid van de celenvelop
fungeert als een cruciale beschermingslaag voor de ziekteverwekker, moeten er nog steeds
moleculen, zoals nutriënten, maar ook uitgescheiden eiwitten die interacties aangaan met
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immuuncellen, over de celenvelop getransporteerd worden. Voor het uitscheiden van
eiwitten beschikt M. tuberculosis over vijf gerelateerde T7S systemen, genaamd ESX-1
tot en met ESX-5. Een deel van de eiwitten die via het ESX-1 systeem worden
uitgescheiden (dit proces wordt ook wel de secretie van substraten genoemd) zijn
betrokken bij het overleven van M. tuberculosis in de macrofagen. Op deze manier zijn
het vermogen om te overleven in macrofagen, de unieke celenvelop en de T7S systemen
van deze bacterie met elkaar verbonden en alle drie verantwoordelijk voor het succes als
ziekteverwekker en de moeilijke behandeling van M. tuberculosis.
Door de belangrijke rol die het ESX-1 systeem speelt in de infectie en de overleving
van de bacterie, is het onderzoek naar T7S systemen de laatste twee decennia sterk
toegenomen. Zo weet men nu dat de deletie van een groot deel van de esx-1 genen (die
voor dit systeem encoderen) één van de voornaamste redenen is dat het levende vaccin
Mycobacterium bovis BCG niet ziekteverwekkend is. Het onderzoek naar de T7S
systemen is ook verder uitgebreid naar de andere ESX systemen, waardoor nu ook ESX3 en ESX-5 functioneel zijn bestudeerd. Een veel gebruikte bacteriesoort voor studies naar
ESX-1, ESX-3 en ESX-5 is Mycobacterium marinum. Deze bacterie is sterk gerelateerd
aan M. tuberculosis en veroorzaakt een ziektebeeld in vissen dat vergelijkbaar is met
tuberculose in mensen. De voordelen van het werken met M. marinum zijn dat deze
bacterie minder gevaarlijk is voor mensen en dat M. marinum sneller groeit in vergelijking
met M. tuberculosis. Onderzoek in zowel M. marinum als M. tuberculosis liet zien dat de
ESX-3 en ESX-5 systemen essentieel zijn voor deze bacteriën om te groeien, door hun rol
in het opnemen van voedingsstoffen. Deze ontdekkingen hebben het belang van het
onderzoek naar de T7S systemen alleen maar verder onderstreept en de laatste jaren is er
dan ook een nog sterkere toename geweest in ons begrip, niet alleen van de functie van
deze systemen maar ook van de grote groep uitgescheiden substraten en de opbouw van
de secretiemachineries. De substraten van het ESX-1 systeem zijn al langer onderdeel van
onderzoek door de centrale rol van deze eiwitten in de virulentie van M. tuberculosis.
Hiernaast wordt er nu ook meer gekeken naar de eiwitten die door de ESX-3 en ESX-5
systemen worden uitgescheiden. Het ESX-5 systeem is bijvoorbeeld betrokken bij de
uitscheiding van meer dan 100 verschillende eiwitten. Van de meeste van deze eiwitten is
het echter nog onbekend wat de functie is.
De machineries van deze T7S systemen lijken sterk op elkaar en bestaan uit een set
van geconserveerde eiwitten, waarvan vijf membraan gebonden zijn. Vier van deze
membraangebonden componenten, EccB, EccC, EccD en EccE, vormen samen het
daadwerkelijke secretiekanaal, dat de substraten vanuit het interieur van de cel, het
cytosol, over het binnenmembraan transporteert. Het vijfde membraan gebonden
component is het mycosine protease (MycP). Dit eiwit is sterk geconserveerd in alle T7S
systemen, niet alleen van mycobacteriën maar ook van minder sterk verwante bacteriën.
Op basis van eerdere experimenten lijkt MycP geen onderdeel te zijn van het EccBCDE
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secretiecomplex, alhoewel de mycosines wel essentieel zijn voor het functioneren van de
ESX-systemen. Mycosines zijn zogenaamde proteases, wat wil zeggen dat mycosines
andere eiwitten knippen of kunnen afbreken. Dit is doorgaans een sterk gereguleerd
proces, wat bijvoorbeeld resulteert in een specifieke verandering van de functie of
eigenschappen van het geknipte eiwit. Alhoewel mycosines dus proteases zijn, lieten
eerdere experimenten zien dat de knip- of proteolytische eigenschap van de mycosine van
het ESX-1 systeem, MycP1 niet nodig is voor zijn essentiële functie binnen dit systeem
van M. tuberculosis.
Inhoud van dit proefschrift
Het doel van dit proefschrift was om een beter begrip te verkrijgen van de rol van de
mycosine proteases (MycP) in het functioneren van T7S systemen in pathogene
mycobacteriën.
In hoofdstuk 1 van dit proefschrift wordt met behulp van een literatuurstudie de
huidige kennis over de mycobacteriële celenvelop en de verschillende secretiesystemen
die aanwezig zijn in mycobacteriën besproken.
In hoofdstuk 2 begonnen wij ons onderzoek door genetische deleties te maken van de
mycosines van de ESX-1 en ESX-5 systemen van M. marinum. Op deze manier konden
wij specifiek naar de functie van deze proteases kijken. Wij zagen dat zowel een deletie
van mycP1 (encoderend voor de MycP van ESX-1) als mycP5 (encoderend voor de MycP
van ESX-5) zorgde voor een compleet verlies van secretie van het respectieve
secretiesysteem. In andere woorden, zowel MycP1 als MycP5 zijn essentieel voor de
functionaliteit van hun ESX-systeem. Aangezien mycosines behoren tot de zogenoemde
groep van serine proteases, waarvan bekend is welke aminozuren van het protease
betrokken zijn bij het knippen of afbreken van andere eiwitten keken wij of een inactieve
mutant van de mycosines de functionaliteit van de secretiesystemen kon herstellen. Tegen
onze verwachting in zagen wij voor zowel het ESX-1 als ESX-5 systeem secretie van
substraten in de aanwezigheid van de inactieve MycP1 en MycP5 varianten. Hierdoor
konden wij concluderen dat de essentiële functie van mycosines niet afhankelijk is van
hun proteolytische activiteit. In plaats daarvan zagen wij dat MycP1 en MycP5 hun
respectievelijke ESX membraankanaal stabiliseerde door middel van een directe interactie
en dat dit proces inderdaad niet afhankelijk is van de proteolytische activiteit van de
mycosines.
In Hoofdstuk 3 beschrijven wij hoe we het MycP5 eiwit hebben gefuseerd aan de EccB
component van het ESX-5 systeem. Dit fusie-construct was gebaseerd op een
vergelijkbaar gen dat te vinden is in een T7S gencluster van Bifidobacterium dentium. Dit
gen resulteerde in de expressie van een stabiel en functioneel fusie-eiwit van EccB5MycP5, dat ESX-5 secretie kon herstellen in M. marinum stammen waar het eccB5 of
mycP5 gen was verwijderd. Vervolgens hebben wij dit proces herhaald in een ESX-5
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systeem van Mycobacterium xenopi, die tot expressie is gebracht in de niet pathogene
soort Mycobacterium smegmatis. In dit systeem konden wij zowel eccB5 als mycP5
vervangen door ons fusie-construct. We observeerden dat dit gen ook een stabiel en
functioneel fusie-eiwit leverde, wat resulteerde in een functioneel ESX-5 systeem.
Bovendien zagen we dat het EccB5-MycP5 fusie-eiwit een stabiel onderdeel was van het
ESX-5 complex. Samen suggereren deze resultaten dat MycP5 het ESX-5
membraancomplex stabiliseert door een directe interactie met EccB5.
In hoofdstuk 4 hebben wij gekeken welk deel (of domein) van de mycosines betrokken
is bij het uitoefenen van de essentiële functie van deze proteases. Hiervoor hebben wij
delen van de genen van mycP1 en mycP5 met elkaar omgewisseld, en deze zogenaamde
hybride constructen geïntroduceerd in de eerdergenoemde mycosine deletiestammen. We
zagen dat zowel het proteasedomein als het membraananker van mycosines specifiek
waren voor hun desbetreffende ESX-systeem. Daarentegen konden wij de zogenaamde Nterminale extensie, die gewikkeld zit rondom het proteasedomein, vrij uitwisselen tussen
de mycosines van het ESX-1 en ESX-5 systeem. Verdere analyse van de eiwitstabiliteit
toonde aan dat dit onderdeel van het eiwit alleen een rol speelt in de structurele integriteit
van MycP. Wij hebben vervolgens het protease domein verder ontleed door te kijken naar
een aantal uitstekende delen, de zogenaamde loops. De functie van deze loops, die uniek
zijn voor de mycosine eiwitten, is nog onbekend. Wij observeerden dat loop 1 en 2
waarschijnlijk betrokken zijn in de stabilisering van het eiwit, terwijl loop 3 en de MycP5
specifieke loop 5 niet van belang waren voor zowel de stabiliteit als functionaliteit. Samen
geven onze resultaten een eerste overzicht van de mogelijke rollen van de individuele
MycP delen in de functionaliteit en stabilisatie van het ESX-membraankanaal.
In hoofdstuk 5, beschrijven wij een methode, een zogenaamde high-throughput
screen, voor het identificeren van kleine chemische verbindingen die de proteolytische
activiteit van MycP1, en potentieel ook de andere mycosines, kunnen blokkeren. Terwijl
wij succesvol waren in het opzetten van deze methode, konden wij geen verbindingen
vinden die succesvol de proteolytische activiteit van MycP1 konden blokkeren. Mogelijk
kan deze set-up voor toekomstige screens worden toegepast. Hiernaast waren wij in staat
om voor het eerst substantiële hoeveelheden van stabiel en oplosbaar MycP5 te isoleren
met behulp van het modelorganisme Escherichia coli, waarmee wij een initiële
proteolytische karakterisatie van MycP5 konden uitvoeren.
In hoofdstuk 6 reflecteren wij op de resultaten van dit proefschrift en het belang van
onze bevindingen voor het begrip van het functioneren van mycobacteriële type VII
secretiesystemen en de zoektocht naar nieuwe, werkzame medicijnen voor tuberculose.
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